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ABSTRACT

MECHANISTIC STUDIES OF THE IRON AND MOLYBDENUM
NITROGENASES
by
Derek Franklin Harris, Master of Science
Utah State University, 2017

Major Professor: Dr. Lance C. Seefeldt
Department: Chemistry and Biochemistry
Nitrogenase enzymes perform the biological reduction of dinitrogen (N2) to
ammonia (NH3). There are three forms of nitrogenase; the Mo-nitrogenase, Vnitrogenase, and Fe-nitrogenase. The Mo-nitrogenase is the conventional form and the
most studied. The V-nitrogenase has been studied to a lesser extent and the Fenitrogenase, which is the rarest form, is the least understood. The forms are similar, but
not equivalent, reportedly reducing N2 with varying efficiencies.
The major focus of this work is the purification of the Fe-nitrogenase from
Azotobacter vinelandii, establishment of its kinetics of substrate reduction, and
investigation of the mechanism of N2 binding to the cofactor. H2 was found to inhibit N2
and when presented with D2 in the presence of N2 HD evolution was detected by massspectrometry. This is also observed in the Mo-nitrogenase where it is known to be the
result of the reversibility of the N2 binding mechanism by inhibition with H2 (D2).
Indicating that despite their reported differences, these two nitrogenases follow the same
mechanism for N2 binding to the cofactor.
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Another focus of this work is the light-driven reduction of carbon dioxide (CO2)
to methane (CH4) by nitrogenase enzymes in vivo in a phototroph. Here it is
demonstrated that a variant of the Mo-nitrogenase (NifDV70AH195Q) when expressed in the
purple non-sulfur bacteria Rhodopseudomonas palustris reduces CO2 to CH4. This result
demonstrates the unprecedented light-driven biological reduction of CO2 to CH4 in a
single enzymatic step. As part of an extension of this result it was revealed that the wildtype Fe-nitrogenase also reduces CO2 to CH4. Interestingly, the Fe-nitrogenase required
no supplemented source of CO2 to produce maximal CH4. Indicating that under normal
conditions Fe-nitrogenase reduces CO2 from central metabolism along with N2. The CH4
produced was sufficient to support growth of an obligate CH4-utilizing bacterium
Methylomonas sp. in co-culture with R. palustris. These results indicate that the Fenitrogenase may be a previously unknown route for the biosynthesis of CH4 in nature.

(133 pages)
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PUBLIC ABSTRACT

MECHANISTIC STUDIES OF THE IRON AND MOLYBDENUM
NITROGENASES
Derek Franklin Harris

As a basic building block in many biological molecules the element nitrogen (N)
is essential for life. Dinitrogen (N2) is abundant in Earth’s atmosphere, but this form is
biologically unavailable. To be biologically available N2 must undergo an energy
demanding reduction reaction to the fixed form, ammonia (NH3). The industrial HaberBosch process, which accounts for approximately 50% of the worlds fixed nitrogen, uses
energy from fossil fuels to achieve high pressures and temperatures to facilitate the
reaction. The energy used by Haber-Bosch accounts for approximately 2% of the world’s
annual supply. The remainder of fixed nitrogen is produced biologically by nitrogen
fixing microorganisms (diazotrophs), utilizing nitrogenase enzymes. Nitrogenase
enzymes perform the reduction at ambient temperature and pressure, deriving the
necessary energy from the energy rich molecule adenosine triphosphate (ATP).
The main focus of this research is exploring how nitrogenase enzymes are able to
achieve N2 reduction under ambient conditions. Another focus is aimed at understanding
how nitrogenase enzymes can be used to reduce carbon dioxide into energy rich
hydrocarbons. A more complete understanding of these can be used to inform industry on
cleaner more efficient processes.
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CHAPTER 1
INTRODUCTION

Nitrogen Fixation
Nitrogen (N) is a basic building block in biological molecules like DNA, RNA,
and proteins.1 Without it, life as we know it would not exist. Earth’s atmosphere is rich in
the form dinitrogen (N2), but this form is unusable by most living organisms.2–4 This is
due to the high bond dissociation energy of the N≡N bond (~941 kJ/mol).1,3 N2 must
undergo an energy demanding reduction or “fixation” reaction to the form ammonia
(NH3) to be biologically available. The industrial Haber-Bosch process reacts N2 with an
iron catalyst at high temperature (~500 °C) and pressure (>200 atm) and derives protons
and neutrons from hydrogen gas (H2) to produce NH3.2,5,6 The process accounts for
approximately 50% of available fixed nitrogen, mostly in the form of commercial
fertilizers.7 The large energy input comes from fossil fuels, consuming approximately 2%
of the world’s annual energy supply.8 The remaining 50% of available fixed nitrogen
comes from biological nitrogen fixation by nitrogen fixing microorganisms (diazotrophs)
as part of the global nitrogen cycle (Figure 1-1).9–11 Diazotrophs utilize nitrogenase
enzymes to reduce N2 to NH3 at ambient temperature and pressure, utilizing the energy
from adenosine triphosphate (ATP).11
Three Forms of Nitrogenase
There are three forms of nitrogenase called the molybdenum (Mo)-dependent, vanadium
(V)-dependent, and the iron (Fe)-dependent.12–14 In nature the forms serve as
redundancies to one another, with most diazotrophs carrying genes for at least two
forms.15 Their expression is generally regulated by the availability of the metal atom
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Figure 1-1. Global nitrogen cycle.

incorporated into the otherwise Fe and S active site cofactor; FeMo-cofactor, FeVcofactor, or FeFe-cofactor respectively.
Mo-nitrogenase is the conventional form, V-nitrogenase is expressed in the
absence of molybdenum, and Fe-nitrogenase is expressed in the absence of molybdenum
and vanadium.15–19 Genetically distinct from one another, the necessary proteins for each
functional complex are encoded by a unique gene cluster; nif (nitrogen fixing) genes
encoding for the Mo-nitrogenase, vnf (vanadium-dependent nitrogen fixation) for Vnitrogenase, and anf (alternative nitrogen fixation) for Fe-nitrogenase.15,20,21 In addition to
the gene products of these unique clusters, all three forms are dependent on gene products
from the nif (Mo-nitrogenase) cluster to develop the active complexes. The genes,
nifUSBMV, are known to encode proteins involved primarily in formation and maturation
of the large Fe-S active site cofactor, no analogs of these genes or their products are
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22,23

found in the vnf or anf clusters.

Early on it was thought that Fe-nitrogenase and V-

nitrogenase represented the primitive forms of nitrogenase from a time when Mo
availability was limited. This dependence of all forms on nif genes along with
phylogenetic analysis point to Mo-nitrogenase being the first form and Fe-nitrogenase
and V-nitrogenase evolving as a result of limited Mo availability.24
As the conventional form, the Mo-nitrogenase has been well studied and a great
deal is understood about its structure, function, and catalytic mechanism.25 The Vnitrogenase has been studied to a lesser extent and little is known about its catalytic
mechanism.12,14,26–28 Even fewer studies have been extended towards the Fe-nitrogenase;
it is the rarest form and poorly understood.15,16,29–35 The three forms are known to be
structurally and functionally similar, but otherwise differ in; cofactor metal content,
amino acid composition, and subunit composition.12,15,36 They are also reported to reduce
N2 with varying efficiencies (eqns. 1-1,2,3).15,28,29,37 This work focuses on expanding our
knowledge of the Mo-nitrogenase and beginning to better understand the Fe-nitrogenase.

Mo: N2 + 8H+ + 16MgATP + 8e- → 2NH3 + H2 + 16MgADP + 16Pi
V: N2 + 12H+ + 24MgATP + 12e- → 2NH3 + 3H2 + 24MgADP + 24Pi
Fe: N2 + 24H+ + 48MgATP + 24e- → 2NH3 + 9H2 + 48MgADP + 48Pi

(eqn. 1-1)
(eqn. 1-2)
(eqn. 1-3)

Mo-nitrogenase
To establish the general structure and function of nitrogenase enzymes and create
a point of contrast for the Fe-nitrogenase, what is known of the Mo-nitrogenase of
Azotobacter vinelandii can be used as a model. Mo-nitrogenase is a two-component
system comprised of a MoFe protein (NifDK) and a Fe protein (NifH). The Fe protein is
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a homodimer which houses two nucleotide binding sites and a single Fe4S4 cluster which
bridges the two monomers. The MoFe protein is an α2β2 heterotetramer that forms two
catalytic halves. Each catalytic half houses an Fe8S7 (P-cluster) and a MoFe7S9Chomocitrate active site cofactor (FeMo-co) (Figure 1-2).13,38–41
During catalysis the Fe protein associates and dissociates from the MoFe protein
cyclically, donating one electron and hydrolyzing two MgATP per cycle. Donated
electrons are mediated by the P-cluster and transferred onto FeMo-co where they are
stored as metal hydrides until used as reducing equivalents. In addition to N2, H+ and

Fe
Protein

ADP

[4Fe-4S]
MoFe
Protein
[8Fe-7S]

[7Fe-9S-C-MoHomocitrate]

Figure 1-2. Mo-nitrogenase structure. On the left hand side is the structure of the MoFe
protein (blue and green) forming the α2β2 heterotetramer and Fe protein (light brown)
homodimer with one Fe protein per catalytic half of MoFe protein. On the right hand side
is the nucleotides and metal clusters of one catalytic half of the system, displaying the
flow of electrons to the cofactor and reduction of N2 at the cofactor. Fe is displayed in
rust, S in yellow, C in gray, O in red, N in blue, and Mo in magenta. PDB ID: 2AFI.
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C2H2 are commonly known substrates of wild-type Mo-nitrogenase, being reduced to H2
and C2H4 respectively.
Fe-nitrogenase
The Fe-nitrogenase is known to also be a two-component system, comprised of an
FeFe protein (AnfDGK) and an Fe protein (AnfH). There is little sequence similarity
between the α (32% identical, 52% similar) (Figure 1-3) and β (32% identical, 53%
similar) (Figure 1-4) subunits of the MoFe protein and FeFe protein. However, they are
similar in size and tertiary structure and residues coordinating the P-cluster and cofactor
are 100% conserved between the two.(Figure 1-6)15,42,43 The same conservation is seen
in a comparison of the Fe proteins which are highly homologous (63% identical, 77%
similar) (Figure 1-5), residues coordinating the bridging Fe4S4 cluster and nucleotide
binding motifs are 100% conserved.15,43 The FeFe protein incorporates an extra subunit
(AnfG), resulting in a heterohexamer in contrast to the heterotetramer of the MoFe
protein. The role of this γ subunit is unclear, but strains with mutations in this protein
have been shown incapable of reducing N2 while retaining the ability to reduce C2H2.44
Biochemical studies of purified Fe-nitrogenase are limited, particularly from
Azotobacter vinelandii, where there are only two reports of the enzyme being
purified.33,34 The first of these reported an enzyme with relatively low activities, reducing
N2 at 38 nmol min-1 mg-1 FeFe protein.33 This is approximately 6% of the established
activity of Mo-nitrogenase. They also report a highly oxygen sensitive and labile enzyme,
with exposure to oxygen or freeze thaw resulting in non-reproducible activities. The
second reported much higher activities, but was also found to have a high molybdenum
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NifD
AnfD

1 MTGMSREEVESLIQEVLEVYPEKARKDRNKHLAVNDPAVTQSKKCIISNKKSQPGLMTIR
1 MPHH---E----------FECSKVIPERKKHAVIKGKGETLADALPQGYLNTIPGSISER

NifD
AnfD

61 GCAYAGSKGVVWGPIKDMIHISHGPVGCGQYSRAGRRNYYIGTTGVNAFVTMNFTSDFQE
48 GCAYCGAKHVIGTPMKDVIHISHGPVGCTYDTWQTKR--YIS-DNDNFQLKYTYATDVKE

NifD 121 KDIVFGGDKKLAKLIDEVETLFPLNKGISVQSECPIGLIGDDIESVSKVKGAELSKT-IV
AnfD 105 KHIVFGAEKLLKQNIIEAFKAFPQIKRMTIYQTCATALIGDDINAIAEEVMEEMPEVDIF
NifD 180 PVRCEGFRGVSQSLGHHIANDAVRDWVLGKRDEDTTFASTPYDVAIIGDYNIGGDAWSSR
AnfD 165 VCNSPGFAGPSQSGGHHKINIAWINQKVGTVEPEITG---DHVINYVGEYNIQGDQEVMV
NifD 240 ILLEEMGLRCVAQWSGDGSISEIELTPKVKLNLVHCYRSMNYISRHMEEKYGIPWMEYNF
AnfD 222 DYFKRMGIQVLSTFTGNGSYDGLRAMHRAHLNVLECARSAEYICNELRVRYGIPRLDIDG
NifD 300 FGPTKTIESLRAIAAKFDESIQKKCEEVIAKYKPEWEAVVAKYRPRLEGKRVMLYIGGLR
AnfD 282 FGFKPLADSLRKIGMFFG--IEDRAKAIIDEEVARWKPELDWYKERLMGKKVCLWPGGSK
NifD 360 PRHVIGA-YEDLGMEVVGTGYEFAHNDDYDRTMKEMGDSTLLYDDVTGYEFEEFVKRIKP
AnfD 340 LWHWAHVIEEEMGLKVVSVYIKFGHQGDMEKGIARCGEGTLAIDDPNELEGLEALEMLKP
NifD 419 DLIGSGIKEKFIFQKMGIPFREMHSWDYSGPYHGFDGFAIFARDMDMTLNNPCWKKL--AnfD 400 DIILTGKRPGEVAKKVRVPYLNAHAY-HNGPYKGFEGWVRFARDIYNAIYSPIHQLSGID
NifD 476 ----QAP-W--------EASEGAE---------------------------------KVA
AnfD 459 ITKDNAPEWGNGFRTRQMLSDGNLSDAVRNSETLRQYTGGYDSVSKLREREYPAFERKVG
NifD 490 ASA
AnfD 519 ---

Figure 1-3. Sequence alignment of α subunits of Mo-nitrogenase (NifD) and Fenitrogenase (AnfD). Red = conserved, blue = similar, a = cofactor coordination, a = Pcluster coordination.

content. The higher activity was thus attributed to the incorporation of a FeMo-cofactor
into a FeFe protein.34
The majority of the reported work has been done with enzyme purified from
Rhodobacter capsulatas.15,29–32 These reports primarily focused on establishment of
purification and assay procedures, substrate reduction kinetics, and advanced
spectroscopic studies of the metal clusters. Importantly, they report an enzyme with
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NifK
AnfK

1 MSQQVDKIKASYPLFLDQDYKDMLAKKRDGFEEKYPQDKIDEVFQWTTTKEYQELNFQRE
1 MTCEVKE--------------------------------------------------KGR

NifK
AnfK

61 ALTVNPAKACQPLGAVLCALGFEKTMPYVHGSQGCVAYFRSYFNRHFREPVSCVSDSMTE
11 VGTINPIFTCQPAGAQFVSIGIKDCIGIVHGGQGCVMFVRLIFSQHYKESFELASSSLHE

NifK 121 DAAVFGGQQNMKDGLQNCKATYKPD--MIAVSTTCMAEVIGDDLNAFINNSKKEGFIPDE
AnfK 71 DGAVFGACGRVEEAVDVLLSRY-PDVKVVPIITTCSTEIIGDDVDGVIKK-LNEGLLKEK
NifK 179 FPV-----PFAHTPSFVGSHVTGWDNMFEGIARYFTLKSMDDKVVGSNKKINIVPGFETY
AnfK 129 FPDREVHLIAMHTPSFVGSMISGYDVAVRDVVRHFAKR------EAPNDKINLLTGWV-N
NifK 234 LGNFRVIKRMLSEMGVGYSLLSDPEEVLDTPA--DGQFRMYAGGTTQEEMKDAPNALNTV
AnfK 182 PGDVKELKHLLGEMDIEANVLFEIE-SFDSPILPDGSA-VSHGNTTIEDLIDTGNARATF
NifK 292 LLQPWHLEKTKKFVEGTWKHEVPKL--NIPMGLDWTDEFLMKVSEISGQPIPASLTKERG
AnfK 240 ALNRYEGTKAAEYLQK--KFEIPAIIGPTPIGIRNTDIFLQNLKKATGKPIPQSLAHERG
NifK 350 RLVDMMTD-SHTWLHGKRFALWGDPDFVMGLVKFLLELGCEPVHILCHNGNKRWKK--AV
AnfK 298 VAIDALADLTHMFLAEKRVAIYGAPDLVIGLAEFCLDLEMKPVLLLLGDDNSKYVDDPRI
NifK 407 DAILAASPYGKNATVYIGKDLWHLRSLVFTD--KPDFMIGNSYGKFIQRDTLHKGKEFEV
AnfK 358 KALQENVDYGME--IVTNADFWELENRIKNEGLELDLILGHSKGRFISID-------YNI
NifK 465 PLIRIGFPIFDRHHLHRSTTLGYEGAMQILTTLVNSILERLDEETRGMQATDYNHDLVR
AnfK 409 PMLRVGFPTYDRAGLFRYPTVGYGGAIWLAEQMANTLFADMEHKKNKEWVLNVW-----

Figure 1-4. Sequence alignment of β subunits of Mo-nitrogenase (NifK) and Fenitrogenase (AnfK). Red = conserved, blue = similar, a = P-cluster coordination.

NifH
AnfH

1 MAMRQCAIYGKGGIGKSTTTQNLVAALAEMGKKVMIVGCDPKADSTRLILHSKAQNTIME
1 MTRKVAIYGKGGIGKSTTTQNTAAALAYFHDKKVFTHGCDPKADSTRLILGGKPEETLMD

NifH
AnfH

61 MAAEAGTVEDLELEDVLKAGYGGVKCVESGGPEPGVGCAGRGVITAINFLEEEGAYEDDL
61 MVRDKGAEKITNDDVIKKGFLDIQCVESGGPEPGVGGCAGRGVITAIDLMEENGAYTDDL

NifH 121 DFVFYDVLGDGVCGGFAMPIRENKAQEIYIVCSGEMMAMYAANNISKGIVKYANSGSVR
AnfH 121 FVFFDDLGDVVVCGGFAMPIRDGKAQEVYIVASGEMMAIYAANNICKGLVKYAKQSAVGL
NifH 181 GGLICNSRNTDREDELIIALANKLGTQMIHFVPRDNVVQRAEIRRMTVIEYDPKAKQADE
AnfH 181 GIICNSRKVDGERESVEEFTAAIGTKMIHFVPRDNIVQKAEFNKKTVTEFAPEENQAKEY
NifH 241 YRALARKVVDNKLLVIPNPITMDELEELLMEFGIMEVEDESIVGKTAEEV
AnfH 241 GELARKIIENDEFVIPKPLTMDQLEDMVVKYGIAD---------------

Figure 1-6. Sequence alignment of Fe proteins of Mo-nitrogenase (NifH) and Fenitrogenase (AnfH). Red = conserved, blue = similar, a = nucleotide binding, A = cluster
coordination.
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Figure 1-5. Homology models of AnfD and AnfK. Left is AnfD (pink) aligned with
NifD (blue), right is AnfK (yellow) aligned with NifK (green).

negligible molybdenum content. They report a much higher activity for N2 reduction at
190 nmol min-1 mg-1 FeFe protein, which is approximately 32% of that for Monitrogenase. However, they also report much more concomitant H2 production, resulting
in the stoichiometry of eqn. 1-3.29 Interestingly, they also report significant H2
production in the presence of no other substrates. At 2600 nmol min-1 mg-1 this is 120%
of the values reported for Mo-nitrogenase. They also report on C2H2 reduction activity
and measure a relatively high apparent Km for the substrate of 12.5 kPa, ten times higher
than that reported for Mo-nitrogenase. Under saturating conditions C2H2 was reduced at
345 nmol min-1 mg-1, 16% of the activity of Mo-nitrogenase.15
Of particular note here is an advanced spectroscopic study that concludes that the
FeFe-co is structurally homologous to the FeMo-co (Figure 1-7),30 that an Fe atom is
simply incorporated in place of the Mo atom forming a Fe8S9. There is no evidence as to
whether or not FeFe-co also contains the interstitial carbide atom found in FeMo-co or if
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Figure 1-7. FeMo-cofactor. Structure of the FeMo-cofactor displaying coordination to
the α-275Cys, α-442His, and R-homocitrate ligand. Highlighted is the site of the Mo atom
where in the FeFe-cofactor an Fe atom is present.

it also incorporates a homocitrate tail.30 However, it is known that the protein encoded by
nifV is necessary for FeFe-co biosynthesis.43,45 Further, all nitrogenase cofactors are
known to arise from the same cofactor precursor, a basic Fe-S cluster synthesized by the
NifB protein.12,46
Based on what is known, the forms are structurally and functionally quite similar,
making this general structure and function apparent key features of biological N2
reduction. Beyond this, however, it is unclear how these otherwise different enzymes are
able to carry out the same chemistry. The differences between the Fe-nitrogenase and
Mo-nitrogenase are significant and the reasons for or consequences of them are poorly
understood. This leads to the question of whether there are more common features of
biological N2 reduction shared between them or if at some point they deviate from one
another and employ different strategies for N2 reduction. By studying these two forms in
parallel, comparing and contrasting them against one another we can begin to better
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understand the role these differences play in each forms ability to reduce N2. In doing so
we hope to identify more common features of biological N2 reduction or reveal new
strategies. Through in vivo and in vitro experiments we explore two key differences,
amino acid sequence and cofactor metal content, and their effect on substrate specificity
and mechanism respectively.
Mechanism of N2 Binding
Despite Mo-nitrogenase being extensively studied a complete understanding of its
mechanism for N2 reduction has yet to be realized. However, the mechanism by which N2
binds to the cofactor is understood. There is also a good understanding of the different
states created as electrons are donated to the cofactor and at which states substrates are
reduced. The Thorneley and Lowe kinetic scheme provides the most accurate picture for
what is known to occur at FeMo-co (Figure 1-8).47
Each En state represents the delivery of a single e-/H+ to the cofactor. N2 is not
activated and bound to the cofactor until 4 e- and 4 H+ have been accumulated on the
cofactor (E4(4H)). Binding of N2 to the cofactor is known to be the result of a reductive
elimination (re) of hydrides as H2 and oxidative addition (oa) of N2 to the cofactor. This
re/oa mechanism explains the obligate H2 seen in the stoichiometric equation for N2
reduction by Mo-nitrogenase (eqn. 1-1).47–50 As can be seen in the kinetic scheme, in the
absence of N2 or if E4 is not established the cofactor will relax back through the E states
releasing and protonating the hydrides to produce H2. C2H2 binds the cofactor at the E2
state, making it a potent inhibitor of H2 formation and N2 reduction in the Monitrogenase.51
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Figure 1-8. Modified Lowe-Thorneley (LT) kinetic scheme for nitrogen fixation by
Mo-nitrogenase. Each En represents the number of [e-/H+] accumulated on FeMo-co;
parentheses denote the stoichiometry of H/N bound to FeMo-cofactor. H2 evolution by
nitrogenase is the result of relaxation of the cofactor, releasing and protonating bound
hydrides as H2. Also displayed is the binding of N2 at the E4(4H) state and the
reversibility of the N2 bound state by inhibition with H2.

Due to the reversibility of the re/oa mechanism, H2 is a potent inhibitor of N2
reduction in Mo-nitrogenase. In the presence of H2 the reverse reaction results in the oa
of H2 onto the cofactor as hydrides and re of N2 (Figure 1-9).41,48,52,53

Figure 1-9. re/oa equilibrium at the E4(4H) state. N2 binding involves re of H2
resulting in the bound N2 state. When inhibited with H2, N2 undergoes re resulting
incorporation of the H2 onto the cofactor as hydrides.
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It is not known if the Fe-nitrogenase follows this same mechanism for N2 binding. One
focus of this work is to investigate the mechanism of N2 binding for the Fe-nitrogenase.
CO2 Reduction to CH4 in vivo
It has previously been shown that a variant of the Mo-nitrogenase, NifDV70AH195Q,
is capable of reducing CO2 to CH4 in vitro (Figure 1-10).54 While endowed with the
ability to reduce CO2 the variant reduces H+ at a decreased rate and virtually loses all
ability to effectively reduce N2.55 There are other biological pathways for CO2 reduction
all the way to CH4, but all of them require multiple enzymes to achieve it.56,57 This
finding represents the unprecedented eight electron reduction by a single enzyme.

Figure 1-10. CH4 production by variants of MoFe protein. Time course study of CH4
formation. CH4 is only seen in the double variant MoFe protein.
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The purple non-sulphur bacteria Rhodopseudomonas palustris carries genes for
all three nitrogenases; nif, vnf, and anf.58 A strain of R. palustris with a mutation in its
nifA gene (nifA*) has the ability to express Mo-nitrogenase constitutively. This strain has
been shown to allocate reducing equivalents and ATP to this constitutively expressed
Mo-nitrogenase to reduce H+ in the absence of N2.59
Another focus of this work is exploring the ability of R. palustris, which produces
its ATP by cyclic photophosphorylation, to utilize this Mo-nitrogenase variant and the
Fe-nitrogenase to perform light-driven CO2 to CH4 reduction in vivo. In addition to being
an important proof of concept, this also represents a valuable tool in beginning to
understand how these organisms and enzymes can be utilized to generate value added
products.
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CHAPTER 2
THE MECHANISM OF N2 REDUCTION BY FE-NITROGENASE INVOLVES
REDUCTIVE ELIMINATION OF H2

Abstract
Of the three forms of nitrogenase (Mo-nitrogenase, V-nitrogenase, and Fenitrogenase), the Fe-nitrogenase has been reported to be the poorest at N2 reduction
relative to H2 evolution. Recent work on the Mo-nitrogenase has revealed that reductive
elimination of two bridging Fe-H-Fe hydrides to yield H2 is the key element in the N2
reduction mechanism. The mechanism used by the Fe-nitrogenase has remained
unknown. Here, we have purified both component proteins of the Fe-nitrogenase system,
the Fe protein (AnfH) and the FeFe protein (AnfDGK), and established its mechanism of
N2 reduction. We find that N2 reduction is inhibited by H2 and the enzyme catalyzes the
formation of HD when presented with N2 and D2. These observations imply that the
enzyme accumulates four reducing equivalents as two hydrides and two protons, at FeFecofactor, and is activated for N2 binding and reduction by the reductive elimination of H2,
the same mechanism as for FeMo-cofactor in Mo-nitrogenase. The identity of each
protein in the Fe-nitrogenase complex was verified by mass fingerprinting using mass
spectrometry and densitometeric analysis of SDS-PAGE gel separated subunits. ICP and
mass spectrometry show that the FeFe protein component does not contain significant
amounts of Mo or V. Substrate reduction kinetics reveal specific activities: 181 ± 5 nmol
______________________
*Coauthored by Derek F. Harris, Dmitriy A. Lukoyanov, Sudipta Shaw, Phil Compton,
Monika Tokmina-Lukaszewska, Brian Bothner, Neil Kelleher, Dennis R. Dean, Brian M.
Hoffman, Lance C. Seefeldt
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NH3 min mg FeFe protein for N2; 1085 ± 41 nmol H2 min mg FeFe protein for H ;
-1

-1

-1

-1

+

306 ± 3 nmol C2H4 min-1 mg-1 FeFe protein for C2H2.
Introduction
Nitrogenase is the bacterial enzyme responsible for biological nitrogen (N2)
fixation to ammonia (NH3), the largest contributor of fixed nitrogen in the global nitrogen
cycle.1–3 There are three known forms of nitrogenase called the molybdenum (Mo)dependent, vanadium (V)-dependent, and the iron (Fe)-dependent enzymes.4–6 The three
forms are encoded by unique gene clusters designated, nif, vnf, and anf, respectively.7–9
Each nitrogenase contains a complex metal cluster, respectively called the FeMocofactor, FeV-cofactor, and FeFe-cofactor, as the active site for substrate reduction.
These cofactors all contain Fe and S, with available evidence indicating that all three are
similar except for the identity of the hetero-metal (Mo, V, or Fe).4,5,10–13
Mo-nitrogenase is the best studied of the three nitrogenase forms. It is a twocomponent system comprising a catalytic MoFe protein (NifDK) and electron-delivery Fe
protein (NifH). The Fe protein is a homodimer that contains a single Fe4S4 cluster and
two MgATP binding sites. The MoFe protein is a α2β2 heterotetramer that forms two
catalytic halves, containing a Fe8S7 cluster (P-cluster) and MoFe7S9C-homocitrate active
site cofactor (FeMo-co) per catalytic half. During catalysis, the two component proteins
transiently associate, during which the Fe protein donates one electron coupled to the
hydrolysis of two MgATP. Electrons are accumulated on FeMo-cofactor, with the Pcluster acting as a ‘deficit-spending’ electron shuttle between the Fe protein and FeMocofactor.5,13 Studies of the MoFe protein trapped during catalysis have shown how
electrons and protons accumulate on FeMo-cofactor and how the enzyme is activated for

21
N2 binding and reduction. In short, four electrons and protons must be accumulated on
FeMo-cofactor to create the E4(4H) state before N2 will bind (Figure 2-1). This E4(4H)
state contains two Fe-H-Fe bridging hydrides. The two hydrides combine to make H2 in a
reductive elimination (re) reaction that is required for N2 binding and activation by two
electrons/protons to the first bound intermediate, a diazenido-metal complex (Figure 21). The N2 binding step, with loss of H2, is reversible, with H2 being able to push off the
N2 in an oxidative addition (oa) reaction.13–15 The reversibility of this re/oa step is
consistent with early findings that when nitrogenase is turned over in the presence of D2
and N2, two HD can be detected.16,17 This observation can be understood from the current
mechanistic model as oa of the E4(2N2H) state with D2, thus resulting in formation of
two bound D- with loss of H2 and binding/reduction of N2. The exact location of the
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bound hydrides and protons is not known in a E4(2H2D) state. The two non-exchangeable
metal bound deuterides can proceed to the left, each reacting with a proton that is
exchangeable with solvent, thus yielding two HD.16,17 Two important aspects of the re/oa
mechanism for N2 activation by nitrogenase are the observation that H2 can inhibit N2
reduction, and that turnover in the presence of N2 and D2 results in the formation of HD.
Studies on the V-nitrogenase have indicated that while it reduces N2, it does so at
a lower rate compared to the Mo-nitrogenase, and little is known about its catalytic
mechanism.4,6,10,12,18 Even fewer studies have been conducted on the Fe-nitrogenase, and
less is known about its mechanism for N2 reduction.4,9,11,12,19–24 Like the Mo-nitrogenase,
the Fe-nitrogenase comprises an electron-delivery Fe protein (AnfH) and catalytic ‘FeFe
protein’ (AnfDGK). Compared to the MoFe protein, the FeFe protein incorporates an
extra gamma subunit per catalytic half, forming a α2β2γ2 heterohexamer. Amino acid
residues in the Fe protein of the Mo-nitrogenase that coordinate the Fe4S4 cluster and
nucleotide binding sites, as well as those in MoFe that coordinate the P-cluster and
FeMo-cofactor are conserved in the Fe-nitrogenase.8,9,25 Spectroscopic studies predict
that the FeFe-co of the Fe-nitrogenase is a metallocluster structurally homologous to the
FeMo-co of the Mo-nitrogenase.11
While structurally and functionally similar, the three nitrogenases are not
equivalent. Thus, it has been shown that the mechanistically required stoichiometry for
N2 reduction by the Mo-dependent enzyme is:
N2 + 8H+ + 16MgATP + 8e- → 2NH3 + H2 + 16MgADP + 16Pi

(eqn. 2-1)
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as suggested by Lowe and Thorneley and as approached under high N2 pressures. In
contrast, the mechanistic stoichiometry for FeFe is not known, and under the most
optimal conditions achieved to date, the Fe-nitrogenase generates far more H2 and
requires more ATP and electrons for each N2 fixed:21
N2 + 24H+ + 48MgATP + 24e- → 2NH3 + 9H2 + 48MgADP + 48Pi

(eqn. 2-2)

The mechanistic stoichiometry for the V-nitrogenase also is not known, but the
optimal stoichiometry to date falls between the values for the Mo- and Fe-enzymes.
Overall, there is no evidence as to whether the V- and Fe-nitrogenases follow the same
re/oa mechanism for N2 activation, and thus with the same mechanistic stoichiometry, as
the Mo-enzyme. Indeed, the absence of Mo in the Fe-enzyme directly raises the
possibility that this enzyme follows a different mechanism for N2 reduction. We have
purified both component proteins for the Azotobacter vinelandii Fe-nitrogenase, the
enzyme most different from the Mo-nitrogenase, and carried out experiments that
indicate that this nitrogenase metallo-variant indeed follows the re/oa mechanism
established for Mo-nitrogenase, with the ‘eight-electron’ stoichiometry of eqn. 2-1.
Materials and Methods
Reagents and general procedures. All reagents were obtained from Sigma Aldrich (St.
Louis, MO) or Fisher Scientific (Fair Lawn, NJ) and used without further purification.
Argon, dinitrogen, hydrogen, D2, acetylene, and ethylene gases were purchased from Air
Liquide America Specialty Gases LLC (Plumsteadville, PA). Manipulation of proteins
and buffers was done anaerobically in septum-sealed serum vials under an argon
atmosphere or on a Schlenk line. Gas transfers were made using gas-tight syringes.
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Strain, growth, and protein purification. Fe-nitrogenase proteins were expressed in
Azotobacter vinelandii strain DJ1255 cells grown at 30 °C in Burk N-free medium26 with
the Na2MoO4 omitted in a custom-built 100 L fermenter with stirring and aeration to an
OD600 of 1.8-2.0 and then harvested. Azotobacter vinelandii MoFe protein and Fe protein
were expressed in strain DJ995 and DJ884 cells respectively and grown as previously
described.27 Crude extracts were prepared and proteins purified according to previously
described methods with minor modifications.27–29 Cell extracts of DJ1255 cells were
prepared by using a French pressure cell operated at 1,500 lb/in2 in a degassed 50 mM
Tris·HCl buffer (pH 8.0) with 2 mM sodium dithionite under Ar. Protein concentrations
were determined by the Biuret assay using BSA as a standard. Protein purity of >85%
was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis
using Coomassie blue staining.
Protein Identification. Protein identification from gel bands and solution digestion was
performed according to standard protocols recommended by the manufacturers using a
trypsin (Promega) protease:complex ratio of 1:50 overnight at 37C (in-gel digestion) and
1:100 for 3h at 37 °C (in-solution digestion). Proteins were identified as described30 using
a maXis Impact UHR-QTOF instrument (Bruker Daltonics) interfaced with a Dionex
3000 nano-uHPLC (Thermo-Fisher) followed by data analysis in Peptide Shaker.31
Protein homology models were generated by Phyre2.32 Molecular graphics were created
with the UCSF Chimera package.33
Dinitrogen, Acetylene, and Proton Reduction Assays. Reduction assays were conducted
in 9.4-mL serum vials containing an assay buffer consisting of a MgATP regeneration
system (6.7 mM MgCl2, 30 mM phosphocreatine, 5 mM ATP, 0.2 mg/mL creatine
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phosphokinase, 1.2 mg/mL BSA) and 10 mM sodium dithionite in 100 mM MOPS buffer
at pH 7.0. After solutions were made anaerobic, headspace gases in the reaction vials
were adjusted to desired partial pressures of relevant gaseous substrates or inhibitors (N2,
C2H2, or H2) per condition indicated. Any remaining headspace was filled by argon. The
FeFe or MoFe protein was then added to the vials, the vials ventilated to atmospheric
pressure, and the reactions initiated by addition of the relevant Fe protein. FeFe and
MoFe proteins were used at a 0.1 mg/mL concentration. Fe proteins were used at a
saturating concentration of 30:1 molar ratio of Fe:FeFe and 20:1 molar ration of
Fe:MoFe. Reactions were conducted at 30 °C for 8 min and then quenched by the
addition of 300 µL 400 mM EDTA (pH 8.0). The products (NH3, H2, and C2H4) from
different substrate reduction assays were quantified according to published methods with
minor modifications.34,35
Metal Content Analysis. Molybdenum and iron concentrations were determined at the
Utah State University Analytics Lab on a Thermo Fisher Scientific (Waltham, MA) iCAP
6300 ICP-OES (minimum detection limit 0.0001 ug/ml; minimum reporting limit 0.001
ug/ml). Vanadium concentrations were determined at the Utah Veterinary Diagnostic
Laboratory (UVDL, Logan, UT) using a validated protocol with argon plasma mass
spectrometry (minimum detection limit 0.0001 ug/ml; minimum reporting limit 0.001
ug/ml). To quantify the vanadium content, analyses were performed using nitric acid
digested samples. The samples were digested (1:1) in trace mineral grade nitric acid
(Fisher Scientific, Pittsburgh, Pennsylvania 15275, USA) in sealed 10 ml Oak Ridge
screw-cap Teflon digestion tubes (Nalge Nunc International, Rochester, New York
14625, USA) on a heat block for 2 hour at 90 °C. The digests were diluted 1:10 with of
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18.2 mohm water in a 15 ml polypropylene trace metal free tube. This provided a 5%
nitric acid matrices for analysis, which was matrix matched for all standard curve and
quality control samples. Vanadium analysis was performed using an ELAN 6000
inductively coupled plasma mass spectrometer (ICP-MS) (Perkin Elmer, Shelton,
Connecticut 06484, USA). Five point standard curves (0.010, 0.050, 0.100, 0.250, and
0.500 ug/ml) and quality control (QC) samples were analyzed every 5 samples. QC
analyses were considered acceptable if +/- 10% of the known vanadium concentration,
but were generally less than +/- 5%.
HD Production. Paired turnover and no-turnover samples were prepared, initiated, and
terminated as described above. The ratio of the partial pressures of N2 and D2 in the
headspace were varied as desired with argon filling the remaining headspace. FeFe and
Fe proteins were each used at a 0.4 mg/mL concentration for a Fe:FeFe molar ratio of
4:1. MoFe and Fe proteins were each used at a 0.2 mg/mL concentration for a Fe:MoFe
molar ration of 4:1. The headspace volume of all samples were tested with an Inficon
L100 RGA for the presence of H2 and HD produced during reaction. In these
experiments, a 300 μm i.d. fused silica capillary connected to the vacuum chamber on
which the RGA was mounted was passed into the sample vial through a hollow needle,
which had punctured the septum of the vial. Current measurements were acquired for m/z
= 2 and 3, averaged over ~ 1 minute for each vial; typical measurement traces are
presented in SI (Figure 2-S1). For each gas mixture, multiple samples were each
subjected to multiples of such independent measurements. The differences in paired
turnover and no-turnover samples were converted into volume units of H2 and HD (at 1
atm, 298K) from a calibration obtained with a set of appropriately prepared standards
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containing a known H2 gas volume, which was varied from 10 to 60 µL. Comparison of
paired turnover and no-turnover samples allowed us to take into account an m/z = 2
background, formed from H2O and D2 and present in all vials, which varied with the
tested N2/D2 mixture, as well as an m/z = 3 background caused by contamination of the
D2 gas with HD. Measurements of m/z = 3 and 4 signals in no-turnover samples indicate
the HD contamination as 0.15 ± 0.02%.
Results
Fe-nitrogenase properties. Both Fe-nitrogenase component proteins were expressed in a
strain (DJ1255) of A. vinelandii that contains deletions in the Mo-nitrogenase structural
genes (nifDK) and the V-nitrogenase structural genes (vnfDGK), thus precluding any
presence of those other nitrogenases. AnfH (Fe protein) and AnfDGK (FeFe protein)
without tags were purifiedusing a combination of ion exchange and size exclusion
chromatography to near homogeneity, as judged by the migration on SDS PAGE with
Coomassie blue staining (Figure 2-2). The proteins were purified without tags to
eliminate the possibility of complications from the tags. The AnfH protein appeared as
one protein on SDS-PAGE at the expected molecular weight (not shown). The AnfDGK
protein appeared as three proteins, corresponding in mass to the expected subunits, with
approximate 1:1:1 stoichiometry from densitometry of the Coomassie stained gel. The
identity of all component proteins (AnfHDGK) was established by performing a trypsin
digest on SDS gel fragments and analyzing the peptide fragments by mass spectrometry.
Identity of all proteins in FeFe nitrogenase complex was confirmed by solution and in-gel
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Figure 2-2. SDS-PAGE gel. Shown is a protein standard (lane 1) and the purified FeFe
protein (lane 2). Mass in kDa is shown to the left and the location of the AnfD, AnfK,
and AnfG subunits is shown to the right.

digestion analyses. Proteins were identified with 100% confidence based on 88, 76 and
23 proteolytic peptides providing 76%, 66% and 65% sequence coverage for anfK, anfD
and anfG, respectively. In addition the protein inference plots show presence of unique
peptides only what confirms unambiguous protein identity.
The purified FeFe protein was subjected to inductively coupled optical emission
and mass spectrometry to establish the metal content. Mo and V content were below the
detection limit for the measurement (1 ppb), while the Fe content was found to be 27.8 ±
0.9 mol Fe/mol protein. The predicted Fe content is 16 Fe from two P clusters and 16 Fe
from the two FeFe-cofactors for a total of 32 mol Fe per mol protein. The measured Fe
content is 87% of the predicted value and could be low due to errors in protein
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measurement or partial metal occupancy in the purified enzyme. The very low Mo and V
content confirms that the measured activities are not associated with these elements.
Substrate reduction and inhibition. The purified Fe protein and FeFe-protein were tested
for reduction of H+, C2H2, and N2 in an assay with MgATP, creatine phosphate, and
creatine kinase as an ATP regenerating system. Activity was only detectable in the
presence of both component proteins and MgATP. Optimal activity was seen at pH 7.0,
with lower activity seen above pH 7.3. Sodium dithionite (Na2S2O4) concentrations above
2 mM did not increase activity, showing that the reactions are saturated for this reductant.
Concentrations above 6 mM did not inhibit activity as has been previously reported for
the enzyme purified from R. capsulatas.9 The specific activity was dependent on the
electron flux as determined by the molar ratio, FeFe protein:Fe protein, with activity
increasing with molar ratios up to 1:20, and saturation above 1:30.
The dependence of specific activity on the partial pressures of the substrates N2
and C2H2 is presented in Figure 2-3. Fits of the measurement to a binding isotherm show
that Fe-nitrogenase has a four to five-fold higher apparent Km (0.56 ± 0.06 atm) for N2
than Mo-nitrogenase (0.13 ± 0.03 atm) and a 2.5-fold lower Vmax. Because of the high
apparent Km, the approach to a saturating concentration of N2 would require N2 partial
pressure much higher than 1 atm. The reduction of acetylene by the Fe-nitrogenase
shows a four-fold lower Vmax and a ~16-fold higher Km compared to the Mo-nitrogenase.
Specific activities and total electron distribution to different products under saturating
substrate conditions are summarized in Table 2-1. In comparison with the Monitrogenase, Fe-nitrogenase operates at approximately 50% of the total electron flux.
When presented with N2 at 1 atm, H2 is the preferential product with 30% of electrons
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Figure 2-3. Partial pressure dependence of N2 on NH3 formation (panel A) and C2H2 on
C2H4 formation (panel B) in Fe-nitrogenase (●) and Mo-nitrogenase (■). N2 and C2H2
apparent Km and Vmax values were determined by a fit of the curves to the MichaelisMenten equation. Mo-nitrogenase – Apparent Km N2 = 0.13 ± 0.03 atm, Vmax = 713 ± 19
nmol NH3 min-1 mg-1 MoFe protein and apparent Km C2H2 = 0.009 ± 0.0005 atm, Vmax =
1876 ± 20 nmol C2H4 min-1 mg-1 MoFe protein. Fe-nitrogenase - Apparent Km N2 = 0.56
± 0.06 atm, Vmax = 286 ± 15 nmol NH3 min-1 mg-1 FeFe protein and apparent Km C2H2 =
0.14 ± 0.01 atm, Vmax = 450 ± 18 nmol C2H4 min-1 mg-1 FeFe protein. Assays were
performed as described in materials and methods.

being allocated to N2 reduction and 70% to proton reduction, for a stoichiometry of ~7 H2
per N2 reduced. This result is consistent with the stoichiometry in eqn. 2-2. This ratio is
roughly the inverse of what is found for the Mo-nitrogenase, where 60% of the electrons
are allocated to N2 and 40% to proton reduction.
The same trend is seen when the enzyme is presented with C2H2 at a saturating
concentration (0.3 atm). In this case, H2 is the preferential product, whereas in the Monitrogenase virtually all electrons are allocated to C2H2 reduction.
The effect of the partial pressure of N2 and C2H2 on the electron distribution
between N2/C2H2 and proton reduction was examined in detail. For Mo-nitrogenase,
increasing N2 rapidly inhibits H+ reduction, with a plateau at ~50% inhibition at 0.2 atm
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Table 2-1. Specific activities and total electron flux in Mo- and Fe-nitrogenase.
N2, whereas for Fe-nitrogenase, N2 is a poor inhibitor of H+ reduction (Figure 2-4), with
H+ reduction only inhibited by ~15% at 0.2 atm N2. C2H2 was a stronger inhibitor than N2
in both systems, but the difference in behaviors was much the same for C2H2, which is a
potent inhibitor of H+ reduction in the Mo-nitrogenase, but much less so in the Fenitrogenase (Figure 2-5).
A Reversible re/oa Equilibrium for Fe-nitrogenase. A key feature of the re/oa mechanism
used by Mo-nitrogenase is the resulting ability of H2 to inhibit N2 reduction. This
observation is understood in terms of the reversibility of the equilibrium for reductive
elimination of H2 and binding/reduction of N2, as shown in Figure 2-1. For the Monitrogenase, when N2 is held at 0.2 atm, increasing H2 up to 0.8 atm shows a suppression
of N2 reduction by up to 70% compared to the no H2 state. For the Fe-nitrogenase, a
similar trend is observed. At 0.6 atm N2, addition of H2 up to 0.4 atm shows
approximately 60% inhibition of N2 reduction (Figure 2-6).
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Figure 2-4. Effect of increasing PN2 on H+ reduction and electron flux to product in Monitrogenase and Fe-nitrogenase. Assays were performed as described in materials and
methods.

33

Figure 2-5. Effect of increasing PC2H2 on H+ reduction and electron flux to product in
Mo-nitrogenase and Fe-nitrogenase. Assays were performed as described in materials and
methods.
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Figure 2-6. H2 inhibition of N2 reduction in the Mo-nitrogenase (panel A) and Fenitrogenase (panel B). Assays were performed as described in materials in methods. For
Mo-nitrogenase N2 was held at 0.2 atm and H2 varied. For Fe-nitrogenase N2 was held at
0.6 atm and H2 varied.

HD exchange. Perhaps the most dramatic manifestation of the re/oa mechanism in Monitrogenase is the resulting stoichiometric formation of HD during reduction of N2 in the
presence of D2, according to eqn. 2-3:
N2
D 2 + 2H + ( aq ) + 2e −   

→ 2HD
Nitrogenase

(eqn. 2-3)

This occurs despite the fact that D2 does not interact with nitrogenase in the absence of
N2, and that T2 converted to HT without scrambling with protons of solvent. This
phenomenon arises through the oa of D2 with release of N2 and formation of two
nonexchangeable, [Fe-D-Fe], bridging deuterides, and then the sequential protonation of
these D- by H+ from solvent (Figure 2-7).
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Figure 2-7. Mechanism of re addition of D2 as deuterides and formation of HD as cofactor
relaxes back to E0 and D- is protonated by H+.

To test for this behavior by Fe-nitrogenase, the enzyme was turned over under a
range of ratios of partial pressures of N2 and D2, and the production of H2 and HD were
monitored mass spectrometrically. The volumes of H2 produced, as measured in the
headspace of the reaction vials, do not vary significantly up to a ratio of partial pressures,
N2/D2 = 0.7/0.3 (Figure 2-8, top). In samples with a N2/D2 = 0.9/0.1 gas mixture the
volume of H2 produced may begin to decrease, which might be expected from an increase
in the proportion of the turnover electron flux going to N2 reduction, leaving less for H2
formation. The weakness of this effect, even at the N2/D2 = 0.9/0.1 pressure ratio, is
consistent with literature reports and with our results for N2 reduction presented above.
HD is present in all samples, including no-turnovers, the result of HD
contamination of the D2 gas. However, every turnover sample contained more HD than
its paired no-turnover sample. This establishes that HD is produced by Fe-nitrogenase
during N2 turnover in the presence of D2, an observation that by itself requires that Fenitrogenase carries out nitrogen fixation by the same re/oa mechanism as has been
established for Mo-nitrogenase and is illustrated in Figure 2-7.
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Figure 2-8. Volumes of produced H2 (upper) and HD (lower) (1 atm, 295K) in the
headspace of turnover sample vials as a function of the ratio of N2 and D2 partial
pressures.

The amounts of HD produced under various assay conditions were found by
subtraction of the HD background measured in the corresponding no-turnover samples.
Figure 2-8, bottom, shows that the amount of HD produced during Fe-nitrogenase
turnover exhibits a strong dependence on the ratio of the pressures of N2 and D2 during
reaction: the HD volume maximizes at ratios N2/D2 ~ 1-2 (0.5/0.5 and 0.7/0.3) , and is
significantly lower at both higher and lower tested ratios. For comparison, during
turnover by Fe-nitrogenase and Mo-nitrogenase under comparable solution conditions,
Fe-nitrogenase produces its maximum amount of HD, ~ 6 µL, at the ratio, N2/D2 ≈ 0.7/0.3

≈ 2.3, whereas the HD maximum of Mo-nitrogenase occurs at a ratio less than unity,
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N2/D2 ≈ 0.2/0.6, where it produces roughly six-fold more HD, ~ 35 µL (Figure 2-8).
This dependence of HD formation by Fe-nitrogensae on the N2/D2 ratio (Figure
2-8, bottom) is explained by and reveals details of the re/oa mechanism. HD formation
maximizes when the ratio of partial pressures is such that the N2 partial pressure is high
enough that the re/oa equilibrium significantly populates E4(2N2H), N2/D2 ~ 1-2, but at
the same time the partial pressure of D2 is sufficiently high that it can effectively react
with this state through oa of D2, with the release of N2 and formation of the HDproducing E4(2H,2D) state, Figure 2-7. As the N2 pressure is increased and D2 decreased
(eg. N2/D2 = 0.9/0.1), the population of the E4(2N2H) state increases, but because the
partial pressure of D2 is now small, so is the extent of oa of D2 by the E4(2N2H) state to
form the HD-producing dideuteride intermediate, E4(2H,2D), and so HD production
decreases.
At the other extreme of the N2/D2 ratio, when N2 concentration is low and D2 is
high (eg. N2/D2 = 0.1/0.9), the population of E4(2N2H) is low, which precludes
substantial oa of D2 by the E4(2N2H) to form the E4(2H,2D) state despite the high D2
partial pressure, and so HD production again is low.
Discussion
To our knowledge the catalytic mechanism of Fe-nitrogenase has not previously
been investigated. Biochemical studies with purified protein are relegated to a handful of
studies, with only two known reports of the enzyme being purified from A. vinelandii.19,20
Chisnell et al. reported the purified enzyme to have very low reduction activities,
reducing N2 at approximately 6% of the established values for Mo-nitrogenase. However,
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the activity was not reliably reproducible due to high oxygen sensitivity and lability of
the protein through freeze thaw.20 Pau et al. reported a purified enzyme with much higher
reduction activity of N2. However, the purified protein was found to have a high Mo
content and the activity was ultimately attributed to low occupancy of a functional FeMocofactor incorporated into a FeFe protein.19
The majority of in vitro studies available are with enzyme purified from
Rhodobacter capsulates.9,11,21–23,23,36 These studies primarily focused on establishment of
purification and assay procedures, substrate reduction kinetics, and advanced
spectroscopic studies of the metal clusters. Schneider et al. report a purified enzyme with
a negligible Mo content and N2 reduction activities approximately 32% (190 nmol min-1
mg-1) of that reported for the Mo-nitrogenase. Under like conditions we see similar
activity, although with approximately 50% of the concomitant H2 evolution under 1 atm
of N2 (Table 2-1). The electron flux to product under N2 illustrated in Figure 2-5 is in
agreement with what has been reported from R. capsulatas with approximately 30% of
electrons appearing in NH3 and 70% in H2. These values are directly inverse of the
electron allocation for Mo-nitrogenase under 1 atm N2. Interstingly, the enzyme from R.
capsulatas is reported to have a rather high electron flux through the enzyme, higher even
than that of Mo-nitrogenase, reducting H+ at 2600 nmol min-1 mg-1, 120% of the activity
of Mo-nitrogenase. In our hands, under like conditions we see approximately 50% of the
electron flux through the enzyme as Mo-nitrogenase and thus even less than reported
from R. capsulatas. It is difficult to resolve the higher electron flux for the R. capsulatas
enzyme while still reducing N2 with the same activity as the enzyme in our hands.
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Despite the Fe-nitrogenase being reported as an inefficient N2 fixer with low
activities the enzymes affinity for N2 has not been investigated to our knowledge. We find
the enzyme to have a relatively high apparent Km for N2 at 0.56 atm, more than 4 times
that for the Mo-nitrogenase (Figure 2-3). This means that without a special vessel to
accurately measure pressures above 1 atm it is not possible to study the Fe-nitrogenase
under a saturating concentration of N2. This brings to light the possibility that the reports
of Fe-nitrogenase as an inefficient nitrogenase may be a function of a non-saturating
substrate conditions. Under like conditions (~2x Km) the Mo-nitrogenase shows a similar
“inefficient” allocation of electrons to products showing the same ~30% to NH3 and
~70% to H2 as the Fe-nitrogenase, albeit with a higher total flux through the enzyme
(Figure 2-4). Thus, it is possible that under a saturating condition of N2 the
stoichiometric equation for N2 reduction by Fe-nitrogenase may approach that of eqn 1-1
demonstrated for Mo-nitrogenase.
The values in Table 1-1 for C2H2 reduction are also comparable to those reported
for R. capsulatas while displaying the same reduction in concomitant H2 evolution and
electron flux. The measured apparent Km for C2H2 of 0.14 atm (Figure 2-3) is in close
agreement with that reported for the R. capsulatas enzyme. This value is about 15 times
higher than that for Mo-nitrogenase. This makes C2H2 a poor inhibitor of H+ reduction
(Figure 2-5) and N2 reduction (data not shown). This is in stark contrast to the inhibitory
effect seen in Mo-nitrogenase where C2H2 is a potent inhibitor of both substrates (Figure
2-5). That it does inhibit both of these substrates, albeit weakly, in the Fe-nitrogenase
supports that it is intercepting the cofactor at the same E2 state.
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The key result of this study is the finding that H2 inhibits N2 reduction (Figure 26). This same effect is seen in Mo-nitrogenase where it is known to be a result of the
reversibility of the N2 bound state through the re/oa mechanism. The test of whether or
not this inhibition in the Fe-nitrogenase was the result of the same mechanism was to
challenge the enzyme with D2 in the presence of N2. If the inhibition is the result of
reversible re/oa at E4 inhibition with D2 would result in re of the D2 onto the cofactor as
deuterides and relaxation of the cofactor would result in the release and protonation of the
dueterides to form HD. As can be seen in Figure 2-8 the inhibition experiment evolved
HD that was strictly N2/D2 dependent. At low concentrations of N2 significant amounts of
the N2 bound E4 state is not accumulate resulting in lower HD production regardless of
the high concentration of D2. Conversely, at high concentrations of N2 and low
concentrations of D2 the inhibition effect is reduced resulting in lower HD and more N2
being reduced to NH3.
This finding is significant in that it provides evidence for a unified mechanism for
N2 reduction amongst the three forms of nitrogenase, regardless of the metals in the
cofactor. If indeed there is a unified mechanism among the forms this would imply that
the low sequence similarity among the forms is of great significance. The electronics of
the cofactor is key to carrying out the difficult reduction of N2 to NH3 and the different
metals likely have a large impact on this. The difference in sequence likely allows the
enzyme to account for this by facilitating the “proper tuning” of the cofactor.
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CHAPTER 3
IRON-ONLY NITROGENASE CATALYZES MICROBIAL PRODUCTION OF
METHANE

Abstract
Methane (CH4) plays a key role in the global carbon cycle and is also a potent
greenhouse gas. Methanogenesis pathways used by archaea have long been believed to be
the only route for direct bioconversion of carbon dioxide (CO2) to CH4 in nature. Here we
report that wild-type iron-iron (Fe-only) nitrogenase from the bacterium
Rhodopseudomonas palustris and other diazotrophic bacteria reduces CO2 to CH4 in a
single enzymatic step. In co-culture experiments, CH4 produced by Fe-only nitrogenase
in R. palustris supported the growth of an obligate CH4-utilizing Methylomonas strain.
These data suggest that Fe-only nitrogenase present in diverse microorganisms
contributes CH4 to the global carbon cycle. This is a previously unknown route for the
biogenesis of CH4 in nature.
Results and Discussion
Biological nitrogen fixation is solely a microbial process. Carried out by members
of the bacteria and archaea, it accounts for 50% of the conversion of dinitrogen gas (N2)
to ammonia (NH3) on Earth with the balance contributed by the industrial Haber-Bosch
process.1 Three different forms of the nitrogenase enzyme exist and are known as the
______________________
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molybdenum-iron or Mo nitrogenase, the vanadium-iron or V nitrogenase, and the ironiron or Fe-only nitrogenase.2-5 Mo nitrogenase (NifHDK) is found in all microorganisms
that fix N2 and some microbes have, in addition, anfHDGK genes encoding Fe-only
nitrogenase and/or vnfHDGK genes encoding V nitrogenase (Table 3-S1). The Mo form
of nitrogenase is the most efficient at fixing N2 and evidence suggests that it was the first
of the three to evolve.6 It has been assumed that the other two forms of the enzyme play a
role in nitrogen fixation when Mo is limiting in the environment and there is recent
evidence based on isotope fractionation assays that Fe-only and V nitrogenases are
expressed and active in natural environments.7 However, there is no conclusive evidence
that nitrogen fixation is the only function of these enzymes in nature. In favor of this idea
is the observation that nitrogenases are promiscuous in the reduction reactions that they
can catalyze,4 although many of the compounds that they can reduce are not widely
present in natural environments. In an exploration of alternative reduction reactions, it
was reported that a variant of Mo nitrogenase with two amino acid substitutions near its
active site catalyzes the reduction of CO2 to CH4 in vitro.8 This difficult reduction
reaction has an activation energy barrier similar to that of N2 reduction. The CO2
reduction reaction was accompanied by the production of hydrogen gas (H2),9 a known
and obligate feature of the nitrogenase reaction mechanism.10 The variant form of Mo
nitrogenase also functioned in vivo to catalyze the production of CH4 by the anoxygenic
phototrophic bacterium Rhodopseudomonas palustris.11 The two amino acids NifDV75
and NifDH201 in the R. palustris enzyme, that when changed to NifDA75 and NifDQ201,
conferred the ability to reduce CO2, are conserved in all known sequences of Mo, V and
Fe-only nitrogenases. To extend these studies we made the corresponding amino acid
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changes in the R. palustris V and Fe-only nitrogenases, expressed these enzymes in cells
that were engineered to express just the V enzyme or just the Fe-only enzyme12 and
measured CH4 production. We made the unexpected observation that R. palustris cells
expressing wild-type Fe-only nitrogenase produced significant amounts of CH4, whereas
a strain expressing a variant Fe-only nitrogenase with AnfDV57AH180Q amino acid
substitutions failed to produce detectable CH4 or H2 (Figure 3-1a). We also examined
CH4 production by the wild-type and variant Mo nitrogenases in a Mo-nitrogenase-only
genetic background. As expected,11 only the strain expressing the variant enzyme
produced CH4 (Figure 3-1a). R. palustris cells expressing the V nitrogenase produced a
very small, but detectable amount of CH4, whereas the cells expressing the variant V
nitrogenase with VnfDV57AH180Q amino acid substitutions produced an amount of CH4
equivalent to that produced by cells expressing the Mo variant nitrogenase (Figure 3-1a).
These results suggested that uniquely, the Fe-only nitrogenase enzyme is naturally
capable of reducing CO2 to CH4.
To verify that the CH4 produced in vivo by the Fe-only nitrogenase-expressing
strain of R. palustris came from CO2 reduction, we incubated cell suspensions of this
strain with thiosulfate as a source of electrons and 13C-labeled sodium bicarbonate
(NaH13CO3) as a source of 13CO2. Such cells produced a compound with an m/z ratio of
17 and a gas chromatography retention time corresponding to 13CH4. When NaH12CO3
was used as substrate, a product with the same retention time as 13CH4 but an m/z of 16
was detected (Figure 3-1b). To confirm that the Fe-only nitrogenase alone was
responsible for in vivo CO2 reduction to CH4, a His-tagged version of the Fe-only protein
was purified from R. palustris (Figure 3-2a), and its peptide identity was verified by
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Figure 3-1. Cells expressing wild-type Fe-only nitrogenase produce CH4. (A) CH4
production by non-growing cell suspensions of R. palustris strains expressing either wildtype or variant Mo, V or Fe-only nitrogenases, respectively. (B) GC-MS traces showing
conversion of 13C-labeled bicarbonate to methane by suspensions of R. palustris cells
expressing the wild-type Fe-only nitrogenase. The black traces are the GC-MS data for
monitoring 12CH4 (m/z = 16), and the red traces are the data for monitoring 13CH4 (m/z =
17). These data are the average of three independent experiments, and the error bars
represent the SD.

mass spectrometry. The purified enzyme converted CO2 to CH4 at a low activity (1 nmol
CH4/nmol Fe-only protein) compared to the activities with H+ (1793 nmol H2/nmol Feonly protein) and N2 (296 nmol NH3/nmol Fe-only protein) (Figure 3-2b). This confirms
that CH4 production along with NH3 and H2 production are intrinsic properties of R.
palustris Fe-only nitrogenase. The concurrent reduction of CO2 and N2 endows Fe-only
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Figure 3-2. Fe-only nitrogenase purified from R. palustris reduces CO2 to CH4 in
vitro. (A) SDS-PAGE analysis of the AnfDGK purified from R. palustris and AnfH,
purified from A. vinelandii. (B) Products formed by purified Fe-only nitrogenase. These
data are the average of two independent experiments, with the error bars representing the
range of values.

nitrogenase with another characteristic distinct from that of Mo nitrogenase, which even
in modified form, is unable to reduce N2 and produce CH4 simultaneously.11
To determine whether CH4 production is a general property of Fe-only
nitrogenase and not an exclusive feature of the R. palustris enzyme, we tested the abilities
of three additional bacterial species that can express Fe-only nitrogenase to produce CH4.
As shown in Figure 3-3, the phototrophic bacteria Rhodospirillum rubrum and
Rhodobacter capsulatus and the aerobic bacterium Azotobacter vinelandii, each produced
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CH4 when grown under nitrogen-fixing conditions in Mo-depleted medium, a condition
known to derepress expression of Fe-only nitrogenase.13 None of the species produced
significant amounts of CH4 when grown in medium supplemented with Mo, a condition
that induces expression of the Mo nitrogenase exclusively. A. vinelandii and R. palustris

Figure 3-3. CH4 production by diazotrophic bacteria growing under nitrogen-fixing
conditions in media with and without Mo. (A) Wild-type photosynthetic bacteria
growing under anaerobic conditions. (B) Wild-type aerobic diazotroph growing under
aerobic conditions. Each species produced CH4 only when Mo was omitted from the
growth media, a condition that derepresses the synthesis of Fe-only nitrogenase. These
data are the average of three or more independent experiments, and the error bars
represent the SD.
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also encode V nitrogenase, but V was not added to the growth media used for these
experiments. These results suggest that reduction of CO2 to CH4 is a general property of
Fe-only nitrogenase and thus could be a previously unknown source of CH4 in nature. In
support of this hypothesis, we identified 360 diazotrophs (those encoding for at least Mo
nitrogenase) among available bacterial and archaeal genomes (7.6% of total), and of
these, 39 (11%) also encoded for Fe-only nitrogenase. Fe-only nitrogenase genes were
detected in the genomes of physiologically diverse organisms including those classified
as aerobes, anaerobes, oxygenic and anoxygenic phototrophs, as well as
chemoautotrophs. Moreover, these genes were identified in taxonomically diverse strains
including those that belong to the bacterial phyla Bacteroidetes, Chlorobi, Firmicutes,
Proteobacteria and Verrucomicrobia and the archaeal phylum Euryarchaeota. These data
show the Fe-only nitrogenase to be widely distributed in nature (Table 3-S1).
Molybdenum is known to have limited availability in soils in tropical areas and in the
southeastern United States14 and Fe-only nitrogenase would be expected to be expressed
in nitrogen-fixing bacteria at sites such as these or in microenvironments that transiently
become Mo-depleted. Environments where Mo may become limiting to diazotrophs may
include those that are sulfidic, considering the low solubility of MoS2 in aqueous
solutions,15 as well as those where other processes (e.g., weathering) or factors (e.g.,
humic acids) have reduced the natural abundance or availability of Mo.16 Other studies
suggest expression and activity of Fe-only nitrogenase in the natural environment where
Mo was apparently not limiting,7 suggesting the regulation of Fe-only nitrogenase genes
has not been well studied and there may be other cues in addition to Mo-limitation that
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derepresses the synthesis of this enzyme, adding to the potential impact of this activity.
Recently, Fe-only nitrogenase activity has been inferred to occur in marine marsh
sediments,7 further supporting the concept that this enzyme is active in nature. In
addition, R. palustris cells expressing Fe-only nitrogenase produced significant amounts
of CH4, when using acetate as the only carbon source. Addition of 10 mM bicarbonate
did not further stimulate CH4 production (Figure 3-S1). CH4 was likely derived from
CO2 that was generated when acetate was metabolized. This suggests that
CO2 availability is not a rate-limiting step for CH4 production by Fe-only nitrogenase in
natural environments, where CO2 concentrations are low.
A biogeochemical consequence for the release of CH4 by microbes is that it
provides other microbes with an energy and carbon source and thereby contributes to the
global carbon cycle.17 To demonstrate that Fe-only nitrogenase could contribute to the
global carbon cycle, we set up a co-culture of R. palustris with Methylomonas sp. LW13,
an obligate CH4-utilizing bacterium isolated from a freshwater lake (Figure 3-4a).18
When the co-culture was incubated in Mo-depleted medium (- Mo), the number of
Methylomonas sp. LW13 cells increased by over 3-fold in 15 days, suggesting that cells
were growing on CH4 produced by R. palustris cells. Consistent with this explanation,
Methylomonas sp. LW13 did not increase in cell number when incubated with R.
palustris in medium supplemented with Mo (+ Mo) (Figure 3-4b), but it was able to
grow under these conditions when additional methane was added. In complementary
experiments, we incubated Methylomonas sp. LW13 with headspace gases collected from
cultures of the R. palustris Fe-only nitrogenase strain that had been grown
phototrophically with acetate and 13C-labeled bicarbonate. After a period of incubation,
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Figure 3-4. The CH4 produced by R. palustris Fe-only nitrogenase supports growth
of a methanotrophic bacterium. (A) Proposed metabolic route from CH4 biosynthesis
in R. palustris to its uptake by a methanotroph. (B) Coculture of Methylomonas sp. LW13
and R. palustris CGA010. Methylomonas sp. LW13 increased in cell numbers when the
co-culture was incubated in Mo-depleted medium, a condition that derepesses expression
of the R. palustris Fe-only nitrogenase. (C) LC-MS data showing that 13CH4 produced by
R. palustris fed 13C-bicarbonate is incorporated into Methylomonas sp. LW13 cells.
Compounds consistent with a retention time and fragmentation pattern of 13C-labeled
glucose-6-phosphate and 13C-labeled fructose-6-phosphate were detected in
Methylomonas sp. LW13 cells. These data are the average of two independent
experiments, and the error bars represent the range of values.
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mass spectrometry revealed compounds with fragmentation patterns consistent with C
13

labeled glucose-6-phosphate and 13C fructose-6-phosphate in Methylomonas sp. LW13
cells (Figure 3-4c), supporting the conclusion that 13CH4 produced by the Fe-only
nitrogenase was incorporated into Methylomonas cellular components.
The amount of CO2 reduced to CH4 is small compared to the amount of N2 and H+
reduction by Fe-only nitrogenase, and CH4 production by this route would not be
expected to make a significant contribution in anaerobic ecosystems dominated by
methanogenic archaea.19,20 It may have significance, however, in other types of
ecosystems, including marine sediments where sulfidogenic microorganisms tend to
outcompete methanogens and host-associated microbiomes where fermentative
microorganisms often dominate. Our findings indicate that diazotrophic bacteria
expressing Fe-only nitrogenase can reduce CO2 to CH4, thus revealing a previously
unknown route for the biosynthesis of CH4 in nature.
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CHAPTER 4
LIGHT-DRIVEN CARBON DIOXIDE REDUCTION TO METHANE BY
NITROGENASE IN A PHOTOSYNTHETIC BACTERIUM

Abstract
Nitrogenase is an ATP-requiring enzyme capable of carrying out multielectron
reductions of inert molecules. A purified remodeled nitrogenase containing two amino
acid substitutions near the site of its FeMo cofactor was recently described as having the
capacity to reduce carbon dioxide (CO2) to methane (CH4). Here, we developed the
anoxygenic phototroph, Rhodopseudomonas palustris, as a biocatalyst capable of lightdriven CO2 reduction to CH4 in vivo using this remodeled nitrogenase. Conversion of
CO2 to CH4 by R. palustris required constitutive expression of nitrogenase, which was
achieved by using a variant of the transcription factor NifA that is able to activate
expression of nitrogenase under all growth conditions. Also, light was required for
generation of ATP by cyclic photophosphorylation. CH4 production by R. palustris could
be controlled by manipulating the distribution of electrons and energy available to
nitrogenase. This work shows the feasibility of using microbes to generate hydrocarbons
from CO2 in one enzymatic step using light energy.
_______________________
*Coauthored by Kathryn R. Fixen, Yanning Zheng, Derek F. Harris, Sudipta Shaw, ZhiYong Yang, Dennis R. Dean, Lance C. Seefeldt, and Caroline S. Harwood (2016)
PNAS 113(36) 10163-10167; published ahead of print August 22, 2016,
doi:10.1073/pnas.1611043113
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Significance
One of the most important life-sustaining metabolisms that results from a net reduction
reaction is the conversion of nitrogen gas to ammonia by nitrogenase in a process known
as nitrogen fixation. A nitrogenase variant has been described that converts carbon
dioxide to methane in vitro. Here, we expressed this variant in an engineered strain of the
photosynthetic bacterium Rhodopseudomonas palustris and showed biological lightdriven methane production. Its ability to reduce carbon dioxide at ambient temperature
and pressure with a single enzyme and energy provided by light makes the methaneproducing strain of R. palustris an excellent starting point to understand how a biological
system can marshal resources to produce an energy-rich hydrocarbon in one enzymatic
step.
Introduction
An essential process for life and an important step in the biogeochemical nitrogen
cycle is nitrogen fixation by nitrogenase, in which nitrogen gas (N2) is converted to
ammonia (NH3) (1). The difficult reduction of N2 to two NH3 occurs at an FeMoS cluster
called FeMo cofactor in Mo-dependent nitrogenase in a reaction that requires ATP
hydrolysis and dihydrogen production as shown in (eqn. 4-1).
N2 + 8H+ + 16ATP + 8e− → 2NH3 + H2 + 16ADP + 16Pi

(eqn. 4-1)

Nitrogenase deprived of access to N2 but provided with a source of electrons produces H2
exclusively. Also, the ability of nitrogenase to carry out the multielectron reduction of an
inert molecule is not limited to reduction of N2. This enzyme can also reduce other
molecules with double and triple bonds, including carboncontaining compounds
(reviewed in ref. 2). Recently, we found that a remodeled nitrogenase with substitutions
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in two key amino acids near the FeMo cofactor is capable of reducing carbon dioxide
(CO2) to methane (CH4) in vitro. This enzyme did not retain its ability to reduce N2 but
was active in H2 production (3). It was unclear if the remodeled nitrogenase gene could
confer to bacteria the ability to reduce CO2 to CH4. Here, we describe a biocatalyst
capable of generating the energyrich hydrocarbon CH4 by reduction of CO2 using a
remodeled nitrogenase. Development of this biocatalyst required selection of an
appropriate microbial host, because large amounts of cellular reductant and ATP are used
by nitrogenase, and as a consequence, this energetically expensive enzyme is repressed
by both transcriptional and posttranslational regulatory mechanisms when an alternative
nitrogen source, like ammonium, is available (4). Use of nitrogenase to generate a
product not used by the organism would require overcoming these regulatory constraints
to achieve expression of active enzyme, while at the same time providing cells with
ammonium for growth. We reasoned that the anoxygenic photosynthetic bacterium
Rhodopseudomonas palustris would be a good chassis for studying the remodeled
nitrogenase in the context of a biological system, because it can fix nitrogen, and an
activating mutation in nifA, encoding the transcription activator of nitrogenase genes, has
been identified that can bypass the regulatory networks that repress nitrogenase (5–7).
Also, R. palustris can generate the considerable amount of ATP needed for the activity of
a remodeled nitrogenase from light by cyclic photophosphorylation. We found that R.
palustris reduced CO2 to CH4 using a remodeled nitrogenase with NifDV75AH201Q amino
acid substitutions when the enzyme was expressed in a genetic background that allows
for its constitutive production and cells were incubated in light. We also found that R.
palustris is a tractable system that allows control of CH4 production by manipulating the
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distribution of electrons and energy available to nitrogenase. In nature, the eight-electron
reduction of CO2 to CH4 requires a multistep metabolic pathway found only in
methanogenic archaea (8). The results presented here describe a one-step route to
biological hydrocarbon production.
Results
A variant of the FeMo-containing nitrogenase protein, NifD, from Azotobacter
vinelandii containing amino acid substitutions V70A and H195Q reduces CO2 to CH4 and
also produces H2 in vitro, but it is unable to reduce N2 to NH3 (3). Nucleotide
substitutions to generate homologous substitutions of residues in R. palustris NifD
(V75A and H201Q) were introduced into the nifD coding sequence by homologous
recombination. The R. palustris nifDV75AH201Q allele was integrated into the chromosome
of an R. palustris strain CGA009 nifA* mutant that expresses Mo nitrogenase
constitutively, even in the presence of ammonium (5, 7). R. palustris can also synthesize
alternative V or Fe nitrogenase isozymes, but these isozymes are not expressed in the
NifA* strain grown with ammonium (5, 9). The NifA* strain expressing the remodeled
nitrogenase produced CH4 when grown with acetate as a carbon source and HCO3− as a
source of CO2 (Table 4-1). The growth rate of this strain was similar to that of its parent
strain expressing WT nitrogenase. Both strains also produced comparable levels of H2
(Table 4-1). R. palustris CGA009 is able to produce H2 only through the activity of its
nitrogenase, and thus, H2 production is a measure of nitrogenase activity (10). The nifA*
nifDV75AH201Q strain produced almost 2,000 times more H2 than CH4 (Figure 4-1 and
Table 4-1). A similarly high ratio of H2 to CH4 produced was observed in vitro with
purified remodeled nitrogenase (3).
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Growth rate H2 production (μmol/mg
CH4 production
(h)
total protein)
(nmol/mg total protein)
WT
nifA* nifD
11.6 (0.1)
36.2 (6.2)
ND
V75AH201Q
nifA* nifD
12.7 (0.9)
55.1 (3.2)
30.1 (2.0)
Table 4-1. CH4 and H2 production by R. palustris NifA* strains expressing either a
WT nitrogenase or a remodeled nitrogenase. Data are the average of three or more
experiments, with the SDs shown in parentheses. Cells were grown with 20 mM acetate
and 10 mM NaHCO3 and incubated in light. ND, not detected.
Genotype

Figure 4-1. An engineered strain of R. palustris expressing a remodeled nitrogenase
produces CH4. R. palustris NifA* cells expressing a remodeled nitrogenase produce (A)
CH4 and (B) H2 during growth. These data are the average of three independent
experiments, and error bars represent SDs. Cells were grown with 20 mM acetate and 10
mM NaHCO3 and incubated in light.

To verify that the remodeled nitrogenase was directly responsible for CH4
production by R. palustris, the product profile of the enzyme was examined. Remodeled
enzyme purified from R. palustris converted CO2 to CH4 (1.95 nmol CH4/nmol MoFe
protein). No CH4 production was detected for purified WT nitrogenase. In addition,
nongrowing cells of the R. palustris nifA* nifDV75AH201Q strain supplied with thiosulfate as
an electron donor and H13CO3− as a source of CO2 produced a product that, when
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analyzed by gas chromatography - mass spectrometry (GC-MS), had an m/z of 17 and a
retention time that correlates with 13CH4. A peak with an m/z of 16 and a retention time
corresponding to CH4 occurred when H12CO3− was provided. Almost 90% of the CH4
produced was from CO2 reduction (Figure 4-2). These data confirm that the CH4
produced by R. palustris cells comes directly from CO2. As expected, the remodeled
nitrogenase purified from R. palustris was unable to reduce N2 to NH3, but it reduced
acetylene (C2H2) to ethylene (C2H4) (Figure 4-S1). These results indicate that R. palustris
functions to catalyze the production of CH4 and H2 as shown in Figure 4-3. Electrons
derived from the oxidation of either an organic carbon source (acetate) or an inorganic
compound (thiosulfate) are used to reduce CO2 to CH4. HCO3− acquired from outside the
cell is converted to intracellular CO2 by carbonic anhydrase (11). Some CO2 is also
generated from acetate metabolism.
A common method used to divert cellular resources to microbial biocatalysts is to
use nongrowing cells. Such cells are spared the imperative of carrying out biosynthetic
reactions required for growth, which frees up electrons derived from the oxidation of
external electron donors for use in reduction reactions (12). To test if diversion of
electrons from biosynthesis leads to more CH4 production by the remodeled nitrogenase,
the cells of the R. palustris nifA* nifDV75AH201Q strain grown to midlogarithmic phase
were harvested, resuspended in nitrogen-free medium, and tested for their ability to
produce CH4. As shown in Figure 4-4a, nongrowing cells produced almost 20 times
more CH4 than growing cells. R. palustris has the Calvin Bassham Benson (CBB) cycle
for CO2 fixation, and it is known that nitrogenase competes with the CBB cycle for
electrons (7, 13). Cells in which CBB cycle activity has been genetically disrupted
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Figure 4-2. CH4 produced by R. palustris NifA* cells expressing a remodeled nitrogenase
is caused by CO2 reduction by the remodeled nitrogenase. GCMS confirmation of CH4
production from CO2 reduction by R. palustris NifA* cells expressing remodeled
nitrogenase. The black traces are the GC-MS data for monitoring 12CH4 (m/z = 16), and
the red traces are the data for monitoring 13CH4 (m/z = 17). Thiosulfate was supplied as
an electron donor for the reaction.

produce more hydrogen, because more reducing equivalents are available to nitrogenase
(7, 13). We found that R. palustris nifA* nifDV75AH201Q ΔcbbMLS cells, which had both
sets of Rubisco genes deleted, produced twice as much CH4 as cells with an intact CBB
cycle (Figure 4-4b).
When nongrowing cells of the nifA* nifDV75AH201Q strain were incubated in the
dark, no detectable CH4 was produced (Figure 4-5). This result was expected, because
light is required for ATP production, and ATP is required for nitrogenase activity. As
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Figure 4-3. Metabolic route of CH4 production by an engineered strain of R. palustris
expressing a remodeled nitrogenase. ATP is produced by cyclic photophosphorylation, in
which electrons energized by light are cycled through a proton-pumping electron
transport chain rather than transferred to a terminal electron acceptor. Electrons are
generated by oxidation of (A) organic compounds or (B) inorganic compounds, such as
thiosulfate. CO2 from bicarbonate or generated from acetate oxidation is converted by
remodeled nitrogenase to CH4 and the CBB cycle to cell material.

shown in Figure 4-5, the amount and rate of CH4 production correlated with light
intensity, and more CH4 was produced under high light intensities than under low light
intensities. The exception was at the two highest light intensities: 30 and 60 μmol
photons/m2 per second, where the amount and rate of CH4 production were not
significantly different. This result likely reflects that ATP is not the limiting parameter
for CH4 production under higher light intensities.The results shown in Figure 4-4
indicate that CH4 production can be modulated by controlling the electron flux to
nitrogenase. In R. palustris, electrons are generated during oxidation of organic carbon
sources, and we have found that the organic electron donor provided influences the
amount of electrons available to nitrogenase (13). The substrate oxidation state, the route
that the substrate takes to generate biosynthetic precursors, and the amount of CBB cycle
flux that occurs on a given substrate all influence the amount of electrons available to
nitrogenase in R. palustris (13).
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Figure 4-4. Diverting more electrons to the remodeled nitrogenase results in more CH4
production by R. palustris whole cells. Diversion of electrons away from (A) biosynthesis
using nongrowing cells or (B) the CBB cycle through genetic mutation (ΔcbbMLS)
results in more CH4 production by R. palustris NifA* cells expressing a remodeled
nitrogenase. These data are the average of three or more independent experiments, and
the error bars represent SDs.
When we grew R. palustris nifA* nifDV75AH201Q cells on different carbon sources
to determine how different electron donors may influence CH4 production, we found that,
with the exception of fumarate and succinate, the amount of CH4 produced was similar,
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Figure 4-5. CH4 production by R. palustris NifA* cells expressing a remodeled
nitrogenase is a light-driven process that can be controlled by light intensity. Altering the
light intensity provided to cells alters the amount of CH4 produced. These data are the
average of three or more independent experiments, and the error bars represent SDs.
regardless of the type of organic carbon source used (Figure 4-6). R. palustris expressing
remodeled nitrogenase produced H2 as well as CH4 under all conditions that we tested.
The amount of H2 that cells produced was always on the order of 1,000–7,000 times
greater than that of CH4.
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Figure 4-6. CH4 produced by R. palustris NifA* cells expressing remodeled nitrogenase
is affected by the organic compound supplied as a growth substrate. CH4 production by
cells grown on different substrates. Organic acids and alcohols were added at a final
concentration of 40 mM carbon. The data shown are the average of five or more
independent experiments, and the error bars represent SDs. Acet, acetate; Buta, butanol;
Buty, butyrate; Cycl, cyclohexane carboxylate; Etha, ethanol; Fuma, fumarate; Succ,
succinate.

Discussion
R. palustris has clear advantages as a system to develop the use of a remodeled
nitrogenase in synthetic biology. One is that active remodeled nitrogenase can be
produced constitutively. This feature is important, because it allows R. palustris to grow
with ammonium as a nitrogen source and use an energetically expensive enzyme to
produce a product that it cannot use. The other major advantage to using R. palustris is
that it can meet the high ATP requirement for CH4 production by nitrogenase by using
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cyclic photophosphorylation (Figure 4-3). We have shown that the amount and rate of
CH4 production are dependent on the light intensity provided (Figure 4-5). The simplest
explanation for this correlation is that decreased light intensity results in a change in the
energy status of the cell, so that less ATP is available for nitrogenase. However, this
effect on CH4 production could be more complex, because cellular energy levels may
affect posttranslational modification of nitrogenase (14).
CH4 production can be improved by diverting electrons away from biosynthesis
or the CBB cycle (Figure 4-4), and maximal CH4 production will likely involve
manipulating both of these parameters. R. palustris can maintain a nongrowing but
metabolically active state for months as long as it has access to light and electrons (15). It
can obtain these electrons from both organic and inorganic donors and even use an
electric current from an electrode as an electron donor (13, 16, 17). Substrate conversion
efficiencies of 86% have been shown using an inorganic electron donor, much higher
than the 60% conversion efficiency on an organic electron donor (16). This ability sets up
the possibility of exploiting nongrowing R. palustris nifA* nifDV75AH201Q in microbial
electrolysis cells (MECs), where electrons are provided by a cathode and used to generate
CH4. Generation of a chemical product at the cathode has both environmental and
monetary benefits that increase the potential of MECs in biofuel generation (18).
Despite an ability to increase CH4 production by diverting electrons to
nitrogenase, maximizing CH4 production using a biocatalyst like R. palustris will
ultimately require altering the ratio of CH4 to H2 produced by the remodeled nitrogenase.
The nifA* strain used in this study has a defect in its uptake hydrogenase (10). One way
to recycle the reductant used to make hydrogen would be to restore the uptake
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hydrogenase. Additionally, increasing the ratio of the Fe protein to the MoFe protein has
been shown to favor CH4 production, resulting in a reduction in the ratio of H2 to CH4
produced (3). A similar approach could be taken by overexpressing the Fe protein in R.
palustris nifA* nifDV75AH201Q.
Future studies will focus on manipulating light, electron flux, and nitrogenase
itself to improve CO2 reduction to CH4. R. palustris can also synthesize alternative V or
Fe nitrogenase isozymes (9). These isozymes could allow for even greater expansion of
the catalytic repertoire of nitrogenase and further our understanding of how to produce
energy-rich hydrocarbons in one step.

Materials and Methods
Reagents, Bacteria, and Culture Methods. All reagents were obtained from SigmaAldrich or Fisher Scientific and used without additional purification. Gases (argon,
dinitrogen, hydrogen, CH4, ethane, C2H2, and C2H4) were purchased from Air Liquide or
Gasco. Manipulation of proteins and buffers was done in septum-sealed serum vials
under an argon atmosphere or on a Schlenk line. All gas transfers were made using gastight syringes. All R. palustris strains were grown on photosynthetic medium (PM) as
previously described (5–7, 19). The parent R. palustris strain, CGA009, used in all
experiments is defective in expression of its uptake hydrogenase enzyme, and thus,
hydrogen production by this strain can be used as a direct measure of nitrogenase
activity. All cultures were initially grown anaerobically with 30 μmol photons/m2 per s
from a 60-W incandescent light bulb (General Electric) and then, diluted into fresh PM
medium. This light intensity supports the maximum growth rate of R. palustris. Where
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appropriate, organic acids and alcohols were added at a final concentration of 40 mM
carbon, and NaHCO3 was added at a final concentration of 10 mM. Light intensity was
altered using a 15-W incandescent light bulb controlled by a dimmer switch to provide
light intensities of 3 and 1 μmol photons/m2 per second, and light intensity of 60 μmol
photons/m2 per second was obtained by using a 200-W incandescent light bulb. We
generated suspensions of nongrowing cells by washing midexponential-phase cultures
with nitrogen-free PM (NFM) and flushing the headspace with argon gas after degassing
the medium. Additional culture methods and growth conditions can be found in SI
Materials and Methods.
Genetic Manipulation of R. palustris. All strains and plasmids used are listed in Table
S1. Plasmids were mobilized into R. palustris CGA676 or CGA679 by conjugation with
Escherichia coli S17-1, and double–cross-over events for allelic exchange were achieved
using a selection and screening strategy as described previously (5). Details of strain and
plasmid construction for this study can be found in SI Materials and Methods.
Protein Purification. Cell extracts from R. palustris cells were prepared by using a
French pressure cell operated at 1,500 lb/in2 in a degassed 50 mM Tris·HCl buffer (pH
8.0) with 2 mM sodium dithionite under Ar. His-tagged MoFe proteins were purified by
an immobilized metal affinity chelation chromatography protocol (20), with minor
modifications. Protein concentrations were determined by the Biuret assay using BSA as
the standard. The purities of these proteins were determined based on SDS/PAGE
analysis with Coommasie staining.
CO2 Reduction Assays. CO2 reduction assays were conducted in 9.4-mL serum vials
containing an assay buffer consisting of an MgATP regeneration system (15 mM MgCl2,
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90 mM phosphocreatine, 15 mM ATP, 0.6 mg/mL creatine phosphokinase, 1.2 mg/mL
BSA) and 12 mM sodium dithionite in 100 mM 4-morpholinepropanesulfonic acid
sodium salt (Mops) buffer at pH 7.0. After solutions were made anaerobic, 0.45 atm CO2
was added, and the gas and liquid phases were allowed to equilibrate for ∼20 min. MoFe
protein was then added, the vials were ventilated to atmospheric pressure, and the

reaction was initiated by the addition of Fe protein. Reactions were conducted at 30 °C
for 60 min and then quenched by the addition of 700 μL 400 mM EDTA (pH 8.0).
Quantification of CH4 was done according to a published protocol (3).
Dinitrogen, C2H2, and Proton Reduction Assays. Reduction assays were conducted in
9.4-mL serum vials containing an assay buffer consisting of an MgATP regeneration
system (6.7 mM MgCl2, 30 mM phosphocreatine, 5 mM ATP, 0.2 mg/mL creatine
phosphokinase, 1.2 mg/mL BSA) and 12 mM sodium dithionite in 100 mM Mops buffer
at pH 7.0. After solutions were made anaerobic, the headspace gases in the reaction vials
were adjusted to proper partial pressures of different gases for different substrates (1 atm
N2 for N2, 0.1 atm C2H2 and 0.9 atm Ar for C2H2 reduction, and 1 atm Ar for proton
reduction). This step was followed by the addition of the MoFe protein. After the vials
were ventilated to atmospheric pressure, the reactions were initiated by the addition of the
Fe protein. Reactions were conducted at 30 °C for 8 min and then, quenched by the
addition of 300 μL 400 mM EDTA (pH 8.0). The products (NH3, H2, and C2H4) from
different substrate reduction assays were quantified according to published methods with
minor modifications (3, 21, 22).
H2 and CH4 Measurements from R. palustris Cells. Gas-phase samples (50 μL) were
withdrawn with a Hamilton sample lock syringe from the culture vial headspace at
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intervals, and hydrogen was measured with a Shimadzu GC- 2014 Gas Chromatograph as
previously described (5, 7, 12, 13). Total protein concentrations were determined using
the Bio-Rad Protein Assay Kit. Ethane was used as an internal standard to quantify CH4;
200 μL ethane (0.08% or 0.8%; 1 atm) was placed into a 27-mL anaerobic tube with 10
mL culture and then, shaken gently to distribute the gases uniformly. A 100-μL gas
sample was taken from the headspace of the tube for gas chromatography - flame
ionization (GC-FID) analysis using a Hamilton Sample Lock Syringe. The separation of
CH4 was performed using a stainless steel 80/100 Porapak N Column (1.8 m × 1/8 in ×
2.1 mm i.d.) purchased from Sigma-Aldrich. The column temperature was held at 60 °C,
and the injector and detector temperatures were set to 85 °C and 150 °C, respectively.
Argon was used as the carrier gas at a rate of 35 mL/min.
GC-MS Analysis for in vivo CO2 Reduction to CH4 by R. palustris. GC-MS analysis
was conducted to confirm the production of CH4 from CO2 reduction using a Shimadzu
GC-2010 Gas Chromatograph equipped with a programmed temperature vaporizing
injector and a Shimadzu GCMS-QP2010S Mass Spectrometer by using 12/13C-enriched
NaHCO3 as the CO2 source for R. palustris V75A/H201Q mutant. Additional details can
be found in SI Materials and Methods.
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CHAPTER 7
SUMMARY AND FUTURE DIRECTIONS

Fe-nitrogenase Characterization
The main focus of this work has been the purification, establishment of kinetics of
substrate reduction, and investigation of the N2 binding mechanism of Fe-nitrogenase
from A. vinelandii. While the results of these studies lay important groundwork for the
characterization of Fe-nitrogenase they leave a great deal yet to be understood about the
system. Further characterization is important not only for understanding the enzyme
itself, but also to continue to compare and contrast it against the other forms in order to
gain a better understanding of biological N2 reduction in general. A path forward for
further characterization can be divided into the following areas:
•

Structures of the FeFe protein and Fe protein

•

Spectroscopic characterization of the cofactor

•

CO2 and CO reduction to hydrocarbons

Structures of the FeFe protein and Fe protein
A structure of the complete system would obviously be a great advance in
understanding Fe-nitrogenase in its own right, but also in being able to compare it with
Mo-nitrogenase. With evidence of a universal mechanism among the forms regardless of
the metal content of the cofactor the differing amino acid composition and additional
subunit become of particular interest. The changing of the metal in the cofactor likely has
a significant effect on the electronics of the active site and cofactor itself. These
electronics would have to be “retuned” to facilitate N2 reduction by the same mechanism.
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It is plausible that this retuning is achieved through altering protein dynamics and
conformation by differing amino acid sequence in key areas and the addition of the third
subunit. With a structure of Fe-nitrogenase these differences can be identified and
compared against Mo-nitrogenase. This compare and contrast of two different enzymes
following the same general mechanism to perform the same chemistry is a tremendous
advantage in understanding the strategies these enzymes employ to perform this
challenging chemistry.
Another point of interest a structure would facilitate exploration of is the
interactions between the Fe protein and FeFe protein. The Fe protein of Fe-nitrogenase,
AnfH, while structurally homologous to the Fe proteins of the other two forms, NifH and
VnfH, is significantly different in amino acid composition (Figure 1-6). Interestingly, it
has been shown that NifH and VnfH can interchangeably function with the other forms
other component, i.e. NifH can drive VnfDGK and VnfH can drive NifDK. However,
AnfH is incapable of driving neither VnfDGK or NifDK and likewise, NifH and VnfH
are both incapable of driving AnfDGK. This implies something rather unique about the
interaction between AnfH and AnfDGK and further magnifies their differences from the
other two forms.1,2
Crystal trials of the FeFe protein were initiated by collaborators in the Peters Lab
at Montana State University. Crystals grew in these initial trials, but turned out to be
bacterioferritin. Different crystal conditions can be attempted, but an affinity tagged
version of FeFe protein would also be helpful in producing cleaner protein. Cryo-EM was
also pursued at University of Utah with David Belnap. A number of different sample
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conditions were prepared and one looked suitable to go for imaging. Current status is that
those images are being compiled.
Spectroscopic characterization of the cofactor
Previous spectroscopic studies of the FeFe-cofactor have found it to be
diamagnetic, or silent, in electron paramagnetic resonance (EPR) spectroscopy in the E0
(resting) state.3,4 This is in direct contrast to Mo-nitrogenase which is paramagnetic in the
E0 state and follows the trend of paramagnetic on even numbered E states and
diamagnetic on odd numbered E states, i.e. only E0, E2, E4, E6, and E8 are visible. If Fenitrogenase follows the same trend based on its E0 state then the odd numbered E states
would be visible. Characterization of these states for the Fe-nitrogenase are of interest for
understanding the system itself, but again the ability to compare and contrast against the
Mo-nitrogenase is extremely valuable for understanding biological N2 fixation in general.
Between the two systems a clear picture of all the E states could be realized. Initial
spectroscopic studies have been initiated, but getting a clear E0 or fully populated E1 state
has proven difficult. This could be due to impurities remaining in the current purification
protocol, for which an affinity tagged FeFe would again be advantageous. While their
concentration should be minimized by excluding their fractions, it is also possible that
incomplete complexes (αβ2γ2) complexes seen off of sizing are still present in the final
pure fraction and convoluting the signals. These incomplete complexes should be
characterized separately for activity, cofactor content, and EPR spectra. Why they are
forming or how to eliminate their formation has not been explored. A vague piece of
literature exists where adding rhenium (Re) to the growth media prevented their
formation.4 Hales makes reference to growth on Re in the referenced chapter and
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references it to a manuscript in preparation. To my knowledge this manuscript was never
published. Growth on Re should be tested and if true would be great progress towards
cleaner protein for structure and spectroscopy.
Trapping of substrates, intermediates, and inhibitors is also of interest to better
understand FeFe-co and how its strategies differ from FeMo-co. The groundwork that has
been laid for trapping these on FeMo-co is valuable in guiding approaches to FeFe-co. A
structure of FeFe protein would be extremely beneficial in identifying residues that can
be targeted for mutation to facilitate trapping as has been done with MoFe protein.5
That Fe-nitrogenase follows a re/oa mechanism for N2 binding to the cofactor is
evidence of a universal mechanism for N2 reduction among the forms. Checking the Vnitrogenase for H2 inhibition and HD evolution would be appropriate, but it seems
unreasonable that it would follow a different mechanism. With a universal mechanism
regardless of metal in the cofactor it is likely that the other differences amongst the form
are factors in or consequences of ensuring that this mechanism can be followed. The
differences in apparent efficiencies among the forms seem a likely consequence of
moving away from Mo and ultimately away from a heterometal cofactor. N2 can still be
reduced, but at a cost.
It is our hypothesis that the stability of the metal hydrides and affinity for N2 are
major factors in efficiency. Stable hydrides favor E4 formation where N2 can bind while
less stable hydrides favor H2 evolution.6,7 However, stable hydrides with a low affinity
for the substrate will also result in excess H2 evolution. It is clear, based on this work,
that Fe-nitrogenase has a significantly lower affinity for N2 while also producing more
obligate H2 than the Mo-nitrogenase. Whether hydride stability is also a factor in this is
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yet unclear. Our understanding of how these hydrides behave on FeMo-co is still
growing, but through photolysis, EPR, ENDOR, and calculations we are learning.7,8
Applying these techniques to FeFe-co in parallel to FeMo-co would again stand to greatly
increase our understanding of biological N2 reduction in general.
CO2 and CO reduction to hydrocarbons
The finding that wild-type Fe-nitrogenase reduces CO2 to CH4 was surprising,
raising many questions and opening many avenues of exploration. Wild-type and variants
of Mo-nitrogenase have long been known to be promiscuous for a number of substrates
including CO2 and CO with CH4 as a product.9 However, this chemistry has only been
demonstrated at either very low rates or as the result of amino acid substitutions. This
work demonstrates that the Fe-nitrogenase is capable of this chemistry without alteration
and while retaining its ability to reduce N2 alongside CO2. A full characterization of this
chemistry by Fe-nitrogenase is of value not only from a mechanistic view point, but that
the enzyme can produce hydrocarbons from CO2 in a single enzymatic step is of great
interest for biotechnologies and industry. The findings of basic research could go a long
way to informing man made processes on cleaner and more efficient methods of CO2
capture and hydrocarbon production.
From what is known of CO2 reduction to CH4 by Mo-nitrogenase it can be
hypothesized that there are at least two factors contributing to the ability of Fenitrogenase to perform this chemistry; hydride stability and protein environment.9–11 The
stability of hydrides and pathways to understanding them has previously been discussed.
The current understanding of CO2 reduction by Mo-nitrogenase is that it is, like C2H2, a
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migratory insertion reaction at the E2 state of the cofactor. If Fe-nitrogenase does indeed
form less stable hydrides this would be one factor contributing to the ability to reduce
CO2, as these unstable hydrides favor migratory insertion. The amino acid residues
involved in facilitating this chemistry can be identified by generating a series of variants.
A structure would be helpful in facilitating this, but we can also use the extensive library
of MoFe variants and their known properties to begin to identify potential sites for
substitution.
We know from recent work that CO is along the pathway from CO2 to CH4, but
also that formate is actually the major product of CO2 reduction. The percent of electrons
allocated to different products can be perturbed by different amino acid variants of MoFe
protein with only the NifDV70AH195Q variant producing measurable levels of CH4.9,10,12 It is
of interest to explore if formate is also a product of CO2 reduction by Fe-nitrogenase and
how it distributes electrons to product. Preliminary data has been gathered that verifies
formate is indeed being made and is the major product other than H2. A flux dependent
study of the molar ratio of FeFe protein:Fe protein shows that a higher electron flux
favors higher formate and methane production, but formate remains the major product
over methane (Figure 5-1).
Unlike the NifDV70AH195Q variant the in vivo result indicates that Fe-nitrogenase
retains its ability to reduce N2 in addition to CO2. It is of interest to understand how these
two substrates may compete with one another at the cofactor and how the enzyme
allocates electrons to each. Preliminary data has been gathered to examine this (Figure 52), poising N2 just above the measured Km and filling the rest of the gas head space with
CO2. A more thorough pressure dependent study is needed, but what we see from this
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Flux dependence of e to products by Fe-N2ase reducing CO2
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Figure 5-1. Molar ratio (Fe protein:FeFe protein) dependence of electron flux to
CO2 reduction products.

preliminary data is that the enzyme will indeed reduce both substrates. We also see that
electrons to reduce N2 come at the expense of formate production. This ability to reduce
both substrates is again likely tied to the protein environment and electronics of the
cofactor, an understanding of which will be realized through the other studies that have
been discussed here.
CO is along the pathway from CO2 to CH4 and has been previously shown by the
V-nitrogenase to be an easier substrate, generating significant amounts of CH4 and even
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Figure 5-2. Coreduction of CO2 and N2 by Fe-nitrogenase.
being coupling to longer chain hydrocarbons.13–15 Preliminary experiments were
performed to test Fe-nitrogenase for CO reduction. A significant amount of CH4 was
produced along with evidence of coupling to C2 and C3 as lesser products. This product
profile is different from what Ribbe found with the V-nitrogenase where the coupled
products were the major product with lesser amounts of CH4. Indicating that, again, there
is something different about FeFe-co or its tuning that favors a different product pathway.
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This reduction of C substrates to hydrocarbons not only holds promise for
mechanistic insights, but is also of great interest to biotechnologies and industry. Both of
these substrates should continue to be explored to better understand the mechanistic
strategies involved as well as the conditions that favor different product profiles.
in vivo Nitrogenase
The other focus of this work has been the light-driven in vivo reduction of CO2 to
CH4 in a phototroph. This finding has significant implications for many fields including
ecology, microbial physiology, and even industry. There is much to be learned about how
these microorganisms can be used to generate high value hydrocarbons and how this new
found source of methane may be impacting the environments where Fe-nitrogenase is
expressed.
For our purposes these works represent proof of concept of a powerful tool for
studying nitrogenases in vivo. The ability to study these enzymes, capable of performing
multiple chemistries, in their native environment can help us gain insight into the
pathways involved in getting electrons to them and the role of ATP. Future works will
continue to look at how manipulating ATP levels and genetically varying the
nitrogenases and other relevant systems affect electron transfer, enzyme function,
substrate range, and product preferences.
Fe Protein Independent Catalysis
A body of work that was not included here, but should be summarized for
purposes of continuity of work in the laboratory is Fe protein independent catalysis of the
MoFe protein using nanoparticles. It is known for the Mo-nitrogenase that the rate
limiting step for catalysis is in the Fe protein cycle.16 Because of this the kinetics of the
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MoFe protein and most importantly at FeMo-co cannot be studied in the Fe protein
driven system. Thus, it is of interest to develop ways to deliver electrons to the MoFe
protein that does not involve the Fe protein and is not rate limiting.
Recently, in collaboration with the National Renewal Energy Laboratory (NREL)
and University of Colorado Boulder (CU) we were able to achieve this Fe protein
independent catalysis with the use of cadmium sulfide (CdS) nanorods.17 These nanorods
are covered in ligands which facilitate interactions with proteins. When illuminated an
electron is excited to a low potential which is then transferred to a suitable acceptor. This
represents an incredibly powerful tool enabling the investigation of MoFe protein
kinetics. However, because this is a brand new system a great deal of optimization and
characterization of it still needs to be established. This would include condition
optimization, mechanism, and substrate and product range. These studies should also be
extended to the Fe-nitrogenase as, again, it provides us with the advantage of comparing
and contrasting the two for greater insights.
In looking to build off of this result a number of priorities were established for
investigation and preliminary data gathered. As this system continues to become better
understood and is optimized these should be pursued:
•

P-cluster involvement in electron transfer

•

Catalysis with extracted FeMo-cofactor

P-cluster involvement in electron transfer
In normal Fe protein driven catalysis the electrons transferred from Fe protein are
mediated by the P-cluster and then onto FeMo-co. It is unclear in the CdS system if the
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electrons are following this same route or if they are perhaps being transferred directly to
FeMo-co somehow. Two MoFe protein variants exist, β-98H and β-188C, which are
known to perturb electron transfer between the P-cluster and FeMo-co.18,19 Use of these
variants would help elucidate the path of electron transfer from the CdS to MoFe protein.
Once the pathway is better understood it will be of interest to begin to characterize the
electron transfer rates. This can be performed by transient absorption spectroscopy at CU
Boulder.
Catalysis with extracted FeMo-cofactor
It is known that the FeMo-cofactor of the Mo-nitrogenase can be extracted into
organic solvents, retaining its structure and the ability to perform some chemistries.20 In
understanding how nitrogenases perform their chemistry it is of interest to be able to
characterize the cofactor and its capabilities separately from the protein. With a better
understanding of the cofactor it becomes easier to elucidate the role of the protein
environment in tuning the cofactor properly. Thus, it is of interest to explore the potential
of the CdS system to function with extracted FeMo-co.
Preliminary data was gathered examining the ability of CdS capped in
mercaptoproprionic acid (CdS-MPA) ligands and FeMo-co to reduce various substrates.
A good deal of optimization is still in order for this system, but the preliminary data
indicates that the system is reducing acetylene to ethylene and possibly carbon monoxide
to methane (Figure 5-3). The ability to study MoFe protein and isolated FeM-co in
parallel with the same electron donor shows promise as an excellent tool in understanding
the kinetics and strategies of both, ultimately giving us better insight into biological N2
reduction as a whole.
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APPENDIX A

SUPPLEMENTARY INFORMATION

THE MECHANISM OF N2 REDUCTION BY FE-NITROGENASE INVOLVES
REDUCTIVE ELIMINATION OF H2
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Figure 2-S1. Examples of m/z = 2 and 3 signals for FeFe samples vials prepared at N2/D2
= 0.5/0.5 and 0.9/0.1. The arrows show the part of the turnover samples signals used for
estimation of H2 (red) and HD (blue) volumes produced during assay.
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APPENDIX B

SUPPLEMENTARY INFORMATION

IRON-ONLY NITROGENASE CATALYZES MICROBIAL PRODUCTION OF
METHANE
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Supplementary Materials:

Bacterial strains and growth conditions. For genetic manipulations, R. palustris strains
were grown aerobically on defined mineral medium (PM)21 agar supplemented with 10
mM succinate at 30°C. E. coli S17-1 was grown in LB medium at 37 °C. When
appropriate, R. palustris was grown with gentamicin at 100 μg/mL. E. coli cultures were
supplemented with gentamicin at 20 μg/mL. R. palustris strains, R. rubrum UR2 and R.
capsulatus SB1003 were grown anaerobically in nitrogen-fixing medium (NFM).22 This
defined mineral medium is the same as PM medium but lacks ammonium sulfate. N2 gas
was provided in the headspace of sealed culture tubes. For the studies described here, we
also omitted the Mo salt from the trace element solution used in NFM and added Wolfe’s
vitamins (0.05 mg/L para-aminobenzoic acid, 0.02 mg/L folic acid, 0.05 mg/L lipoic
acid, 0.05 mg/L riboflavin, 0.05 mg/L thiamine, 0.05 mg/L nicotinic acid amide, 0.1
mg/L pyridoxamine, 0.05 mg/L pantothenic acid, 0.001 mg/L cobalamin and 0.02 mg/L
biotin, pH=7.0), 10 μM nickel chloride and 10 mM sodium bicarbonate, unless otherwise
indicated. Acetate (20 mM) was included as the carbon source and the medium was
supplemented with 10 µM sodium molybdate (Na2MoO4) where indicated. All cultures
were incubated anaerobically with 30 μmol photons/m2/s illumination from a 60W
incandescent light bulb (General Electric). Non-growing R. palustris cell suspensions
were prepared as described,22 with the modification that cells were suspended in NFM
and Ar was provided in the headspace of the sealed incubation tubes. A. vinelandii
(DJ1255) was grown in Burke’s medium23 with the Na2MoO4 omitted under nitrogenfixing conditions in a 100 L custom made fermenter with stirring and aeration to an
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OD600 of 1.8-2.0 and then harvested.
Genetic manipulation of R. palustris. All strains and plasmids used are listed in Table
S2. PCR products containing vnfDV57AH180Q and anfDV57AH180Q were inserted into PstIdigested pJQ200SK using the In-Fusion PCR cloning system (Clontech). Plasmids were
mobilized into R. palustris by conjugation with E. coli S17-1, and double-crossover
events for allelic exchange were achieved using a selection and screening strategy as
described previously.24 Allelic exchange was verified using PCR amplification and
sequencing of the resulting PCR product. Q5 High-Fidelity DNA polymerase and primers
were used to incorporate eight histidines (CAC) before the stop codon of anfD. The
product was incorporated into PstI-digested pJQ200SK using the In-Fusion PCR cloning
system and inserted into the R. palustris CGA009 chromosome by allelic exchange. Inframe deletions of nifHDK and vnfDGK were created by PCR using the Q5 high-fidelity
DNA polymerase to amplify 1014 bp (nifHDK) or 1003 bp (vnfHDGK) of DNA upstream
of the start codon for nifH or vnfD and 1032 bp (nifHDK) or 1013 bp (vnfDGK) of DNA
downstream of the stop codon for nifK or vnfK. These fragments were then incorporated
into PstI-digested pJQ200SK suicide vector using the In-Fusion PCR cloning system.
Plasmid pJQ-ΔnifHDK was mobilized into R. palustris CGA755 by conjugation with E.
coli S17-1, and double-crossover events for allelic exchange were achieved using a
selection and screening strategy as described previously.24 The obtained R. palustris
CGA7551 strain was then used as the parent strain and pJQ-ΔvnfDGK was used as the
suicide plasmid for the next round of in-frame deletion of vnfDGK, using the same
protocol as mentioned above. All deletions were verified using PCR. A. vinelandii
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DJ1255 was constructed in the following way. First, an in-frame deletion within nifD and
nifK25 was placed within strain CA626 to yield DJ1254. CA6 is tungsten tolerant and,
therefore, deficient in the accumulation of Mo.27 A kanamycin resistance cartridge was
then placed within the MfeI restriction enzyme site of the vnfD-coding region of DJ1254
to yield DJ1255. Strain DJ1255 is therefore deficient in the capacity to fix nitrogen using
either the Mo-dependent system or the V-dependent system. However, it retains the
capacity to form the anf-encoded nitrogen fixation system and can grow diazotrophically
in medium that contains neither Mo nor V. Details of strain
constructions were performed as described previously.25
CH4 measurements from whole cells. When cultures of R. palustris CGA010, R.
rubrum UR2 and R. capsulatus SB 1003 reached their maximal OD660, gas-phase samples
were withdrawn with a Hamilton sample lock syringe from the culture vial headspace.
CH4 was measured with a Shimadzu GC-2014 gas chromatograph as described
previously.11 A. vinelandii (WT) was grown in Burke’s medium23 under nitrogen-fixing
conditions. When cells reached an OD600 of 0.8-1.0, 15 mL aliquots of the cell suspension
were transferred to 25 mL degassed vials containing sodium bicarbonate (10 mM final
concentration). Vials were equilibrated and then 0.2 atm O2 was added. O2 was
subsequently injected at 0.15 atm every 2 hours over the course of the first 8 hours to
maintain cell viability. Following a 24 hour incubation period at 30°C, the headspace was
charged with 1 mL of phosphate buffer. Gas phase samples were taken and measured
with a Shimadzu GC-8A as described previously.8 Total protein concentrations were
determined using the Bio-Rad protein assay kit.
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GC-MS analysis for in vivo CO2 reduction to methane by R. palustris. GC-MS
analysis was conducted to confirm the production of CH4 from CO2 reduction, using a
Shimadzu GC-2010 gas chromatograph equipped with a programmed temperature
vaporizing (PTV) injector and a Shimadzu GCMS-QP2010S mass spectrometer by using
12/13

C-enriched NaHCO3 as CO2 source for an R. palustris ΔnifHΔvnfH mutant. Cells

were grown in several 10 mL tubes of NFM medium with 20 mM acetate and 0.1% yeast
extract. Then, cells were harvested by centrifugation, transferred to 100 mL fresh NFM
with 10 mM thiosulfate but without bicarbonate, and finally transferred to NFM with 10
mM thiosulfate without bicarbonate or with 10 mM 12C- or 13C-bicarbonate (Cambridge
Isotope Lab). Identification of 12CH4 and 13CH4 was done according to a standard
protocol previously published.11
Nitrogenase purification. For protein purification, a 1 L culture was used to inoculate 10
L of NFM medium containing 20 mM acetate and 0.1% yeast extract and incubated at
30°C in light until it reached an OD660 of ~0.7. Cell extracts from R. palustris cells were
prepared by an osmotic shock method using a French pressure cell operated at 1,500
lb/in2 in a degassed 50 mM Tris-HCl buffer (pH 8.0) with 2 mM sodium dithionite under
Ar. His-tagged Fe-only nitrogenase protein was purified by an immobilized metal-affinity
chelation chromatography (IMAC) protocol,25 with minor modifications. Fe protein
(AnfH) was purified from A. vinelandii cells using a previously described protocol,26 with
minor modifications. Protein concentrations were determined by the Biuret assay using
BSA as standard. The purities of these proteins were checked based on SDS/PAGE
analysis with Coomassie staining.
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Carbon dioxide reduction assays. Carbon dioxide reduction assays were conducted in
9.4 mL serum vials containing an assay buffer consisting of an MgATP regeneration
system (15 mM MgCl2, 90 mM phosphocreatine, 15 mM ATP, 0.6 mg/mL creatine
phosphokinase, and 1.2 mg/mL BSA) and 12 mM sodium dithionite in 100 mM MOPS
buffer at pH 7.0. After solutions were made anoxic, 0.45 atm CO2 was added and the gas
and liquid phases were allowed to equilibrate for approximately 20 minutes. FeFe protein
was then added, the vials ventilated to atmospheric pressure, and the reaction initiated by
the addition of A. vinelandii Fe protein. Reactions were conducted at 30°C for 6 hours
and then quenched by the addition of 700 µL of 400 mM EDTA pH 8.0. Quantification
of methane was done according to a published protocol.8
Dinitrogen and proton reduction assays. Reduction assays were conducted in 9.4 mL
serum vials containing an assay buffer consisting of a MgATP regeneration system (6.7
mM MgCl2, 30 mM phosphocreatine, 5 MM ATP, 0.2 mg/mL creatine phosphokinase,
1.2 mg/mL BSA) and 12 mM sodium dithionite in 100 mM Mops buffer at pH 7.0. After
making solutions anoxic, headspace gases in reaction vials were adjusted to appropriate
partial pressures per substrate (1 atm N2 for N2 and 1 atm Ar for proton). FeFe protein
was then added, vials equilibrated to atmospheric pressure, and reactions initiated by
addition of A. vinelandii Fe protein. Reactions were conducted at 30°C for 15 min and
then quenched by addition of 300 µL of 400 mM EDTA (pH 8.0). NH3 and H2 were
quantified according to published methods with minor modifications.27,28
Identification and compilation of nitrogenases homologs. AnfD (AGK17546), VnfD
(AGK18954) and NifD (AGK18378) amino acid sequences from A. vinelandii were used
in separate BLASTp queries to identify homologs in complete genome sequences (n =

100
4586 genomes), specifying 30% percent sequence identities and 60% sequence coverage.
Co-culture of R. palustris CGA010 and Methylomonas sp. LW13. The co-culture was
incubated in a modified NFM medium supplemented with 20 mM acetate, 10 mM
NaHCO3 and 10% nitrate mineral salts (NMS) medium29 at room temperature. Light was
provided from a 60-W incandescent light bulb. The initial inoculation ratio of R. palustris
CGA010 to Methylomonas sp. LW13 was ~50:1. O2 was provided for the growth of
Methylomonas sp. LW13 by adding 10% filtered air every 48 hours into a 250 mL serum
bottle containing 50 mL co-culture. Samples were taken from the co-culture at day 1, 5,
10 and 15, and quantitative polymerase chain reaction (qPCR) was employed to
determine the cell number of Methylomonas sp. LW13, as previously described.30
LC-MS/MS analysis for methane uptake by Methylomonas sp. LW13. R. palustris
CGA010 cells, which were pelleted from a 1.2 L growing culture, resuspended in 100 mL
Mo-free NFM medium supplemented with 5 mM acetate, 10 mM thiosulfate and 20 mM
13

C-enriched NaHCO3, and transferred to a 160 mL serum bottle, were used to make

13

CH4. The headspace of a 50 mL culture of Methylomonas sp. LW13 at OD600=0.05

growing in NMS medium29 was refreshed using the following procedure daily for 5 days.
The headspace of the Methylomonas sp. LW13 culture was flushed with filtered air for 1
min, and then 150 mL of headspace was extracted. The 150 mL collected headspace from
R. palustris CGA010 cultures was injected into Methylomonas sp. LW13 culture vials
using an air-tight syringe with an inline 0.22 μm filter. The vials were further overpressured with 50 mL of filtered air to maintain similar pressure as control groups. The
negative control group was grown on 12CH4, and the positive control groups were grown
on 13CH4 (99% atom abundance, Sigma-Aldrich). The Methylomonas sp. LW13 cell
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cultures were quenched and harvested with the fast filtration procedure described
previously.31 The intermediate metabolites were extracted and identified by LC-MS/MS
(Xevo, Waters, Milford, MA) equipped with a Zic-pHilic column (SeQuant, PEEK 150 ×
2.1 mm × 5 μm) according to a standard protocol previously published.31

Figure 3-S1. CH4 production by wild-type R. palustris CGA010 growing under
nitrogen-fixing conditions in media with acetate supplied as a carbon source with
and without bicarbonate. The addition of 10 mM bicarbonate did not further stimulate
CH4 production. These data are the average of three independent experiments, and the
error bars represent the SD.
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Table 3-S1. Taxonomic distribution of all forms of nitrogenases in 4571 complete
archaeal and bacterial genomes. The total number of genomes for each phylum along
with the number of genomes within that phylum that encode for nitrogenases are shown.
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Table 3-S2. Strains and plasmids used.
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SUPPLEMENTARY INFORMATION

LIGHT-DRIVEN CARBON DIOXIDE REDUCTION TO METHANE BY
NITROGENASE IN A PHOTOSYNTHETIC BACTERIUM
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SI Materials and Methods
Bacteria and Growth Conditions. All Rhodopseudomonas palustris strains were grown
aerobically during genetic manipulation on defined mineral medium (PM) agar
supplemented with 10 mM succinate at 30 °C. All R. palustris strains were grown
anaerobically in PM supplemented with 20 mM acetate, unless otherwise stated, in light
at 30 °C. The growth medium was degassed and then, extensively bubbled with N2. The
medium was dispensed into culture tubes in an anaerobic glove box, and the tubes were
sealed with rubber stoppers. For protein purification, a 1-L culture was used to inoculate
10 L PM medium containing 40 mM acetate and 0.1% yeast extract and incubated at 30
°C under light until it reached an OD660 of ∼0.9. For GC-MS analysis, cells were grown

in 1 L PM medium with 20 mM NaHCO3 and 10 mM thiosulfate. Then, the cells were
harvested by centrifugation and transferred to NFM medium with 10 mM thiosulfate

without bicarbonate or with 10 mM NaH12CO3 or NaH13CO3 (Cambridge Isotope Lab).
Escherichia coli S17-1 was grown in LB at 37 °C. When appropriate, R. palustris was
grown with gentamicin at 100 μg/mL. E. coli cultures were supplemented with
gentamicin at 20 μg/mL.
Genetic Manipulation of R. palustris. The vector used for allelic exchange of WT nifD
for nifDV75AH201Q was constructed by PCR amplification of nifD plus 22 bp upstream of
the start codon and 24 bp downstream from the stop codon from genomic DNA purified
from R. palustris CGA009 using Phusion High-Fidelity DNA Polymerase (New England
Biolabs). The resulting 1.5-kb fragment was incorporated into PstI-digested pJQ200SK
using the In-Fusion PCR Cloning System (Clontech). Site-directed mutagenesis of the
resulting plasmid using the PCR-based QuikChange Method (Agilent Technologies) was
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carried out to introduce the V75A and H201Q substitutions into the NifD coding
sequence. The vector used for allelic exchange of WT nifD for his::nifD was constructed
by PCR amplification of nifD using Phusion High-Fidelity DNA Polymerase and primers
that incorporated eight histidines (CAC) after the start codon of nifD, and the resulting
product was incorporated into PstI-digested pJQ200SK using the In-Fusion PCR Cloning
System. Site-directed mutagenesis of the resulting plasmid using the PCR-based
QuikChange Method was carried out to introduce the V75A and H201Q substitutions into
the NifD coding sequence. All allelic exchange was verified using PCR amplification and
sequencing of the resulting PCR product. To ensure that the his tag did not affect
nitrogenase activity, the ability of CGA676 encoding his:: nifD to produce hydrogen at
equivalent levels as CGA676 was confirmed.
GC-MS Analysis for in vivo CO2 Reduction to CH4 by R. palustris. Separation of CH4
was achieved with a GS-CARBONPLOT Column (30 m, 0.32 mm i.d., and 3.0-μm film
thickness; Agilent Technologies Inc.). The injector and column temperatures were set to
30 °C. Helium was used as the carrier gas set at a linear velocity of 39.6 cm/s for CH4
separation. For separation of CH4 from other component gases in the reaction vial, 5 μL
headspace gases were directly injected onto the column through an oncolumn injection
liner. The mass spectrometer was operated in electron ionization (40 eV) and selected ion
monitoring modes by monitoring m/z species of 16 for [12CH4] + and [13CH3] + and 17
for [13CH4] +, respectively. The detector voltage of the mass spectrometer was set to
1,500 V to achieve reasonable sensitivity. The CH4 concentration in each sample was
quantified by fitting the molecular ion peak area from GC-MS analysis to a CH4 standard
curve with high linearity by varying CH4 concentration and monitoring the m/z = 16
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species ([ CH4] +). For CH4 concentration determination in controls (no bicarbonate)
12

12

and samples using 12C-enriched NaHCO3 as a CO2 source, the peak area of m/z = 16
species was applied. For 13CH4 concentration determination in samples using 13Cenriched NaH13CO3 as the 13CO2 source, the peak area of m/z = 17 species was applied.
The peak area of m/z = 16 species contributed by 12CH4 in samples using 13C-enriched
NaH13CO3 as the 13CO2 source was determined by subtracting the area contributed by the
fragmentation ([13CH3] + ; m/z = 16) of 13CH4 from the total peak area of m/z = 16
species ([12CH4] + and [13CH3] + ). The fragmentation ratio of [M − 1]+ /[M]+ under GCMS conditions applied in this work was determined by dividing the peak area of m/z = 15
species ([M − 1]+ = [ 12CH3] + ) by that of m/z = 16 species ([M]+ = [ 12CH4] + ) using
natural abundant CH4 as the sample gas. Because of the relatively low natural abundances
for 13C (1.07%) and 2 H (D; 0.0115%), the contribution of naturally abundant 13CH4 and
12

CDH3 from other CO2 sources to the m/z = 17 species was neglected in quantification of

13

CH4 from 13C samples.
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Figure 4-S1. Product profiles of WT and remodeled nitrogenase purified from R.
palustris NifA*. Both WT and remodeled nitrogenase reduced C2H2 to C2H4, but only the
WT nitrogenase reduced N2 to NH3. These data are the average of three independent
experiments, and error bars represent SDs.

Table 4-S1. Strains and plasmids used.
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